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\0 • Abstract 
O 

' In general line with our first work [1] within the framework of semiclassical approxima- 
^ ', tion a general theory for the scattering processes of soft (anti) quark excitations off hard 
D ■ thermal particles in hot QCD-medium is thoroughly considered. The dynamical equa- 
' tions describing evolution for the usual classical color charge Q"'{t) and Grassmann color 
' charges 9^{t)^9^^{t) of hard particle taking into account the soft fermion degree of free- 
^ \ dom of the system are suggested. On the basis of these equations and the Blaizot-Iancu 
\ equations iterative procedure of calculation of effective currents and sources generating 
the scattering processes under consideration is defined and their form up to third order 
in powers of free soft quark field, soft gluon one, and initial values of the color charges 
of hard particle is explicitly calculated. With use of the generalized Tsytovich princi- 
ple a connection between matrix elements of the scattering processes and the effective 
currents and sources is established. In the context of the effective theory suggested for 
soft and hard fermion excitations new mechanisms of energy losses of high-energy parton 
propagating through QCD-medium are considered. 
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1 Introduction 



In the second part of our work we proceed with our analysis of dynamics of fermion 
excitations in hot QCD-medium at the soft momentum scale, started in [1] (to be referred 
to as "Paper I" throughout this text) in the framework of the hard thermal loop effective 
theory. Here we focus our research on study of the scattering processes of soft quark 
plasma excitations off hard thermal (or external) particle within real time formalism based 
on Boltzmann type kinetic equations for soft quark, antiquark and gluon modes. This 
problem has been already discussed earlier in our work [2] in somewhat other technique of 
calculation than presented here. In this work we consider this problem in great detail and 
by systematic way using the technique of construction of effective currents and sources 
generating the scattering processes we are interested in. 

Our approach is based on the complete system of dynamical equations derived by 
Blaizot and lancu [3| complemented by the Wong equation |3] describing a change of 
the classical color charge Q = {Q"'), a = 1, . . . , — 1 of hard color-charged particle 
and by the dynamical equations for the Grassmann color charges 6 = (0*) and = 
(6*^*), i = 1, Nc for the first time proposed in the papers [5]. The use of the last 
equations from above-mentioned ones is the main new ingredient of the effective theory 
for nonlinear interaction of hard and soft modes in a hot quark-gluon plasma developed in 
the present work. Introduction in consideration of the Grassmann color charges of hard 
particle on the equal footing with usual color charge enables us to enter a so-called color 
(Grassmann) source of a spin-1/2 hard particle along with classical color current. We add 
this Grassmann source to the right-hand side of the Dirac equation for soft-quark field 
just as we add the usual color current of hard particle to the right-hand side of the Yang- 
Mills equation [0] . This allows us to obtain closed self-consistent description of nonlinear 
interaction dynamics of soft and hard excitations both Fermi and Bose statistics (within 
the framework of semiclassical approximation). 

Unfortunately, Wong's equation and equations for the Grassmann charges in that 
form as they have been derived in original works [H E] are insufficient for obtaining 
complete and gauge-invariant expressions for matrix elements of the scattering processes 
under consideration. The reason of this is that these equations have been obtained on 
the assumption that there exists only (regular and/or stochastic) gluon field A^(a;) in 
the system. In this work, we suggest a minimal extension of these equations to the 
case of the presence of soft (stochastic) quark field ipa{x) in system. These generalized 
equations generate new gauge- covariant additional color currents and sources of the hard 
test particle, which we add to the right-hand side of the corresponding field equations. 
In this case only we are able to calculate complete and gauge-covariant expressions for 
effective currents and sources generating the scattering processes of soft quark excitations 
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off liard particle. 

We apply the current approach to study of the propagating a high energy parton (gluon 
or quark) through the hot QCD-medium and energy losses associated with this motion. 
We show that the account of an existence in the medium of soft excitations obeying Fermi 
statistics results in appearance of new channels for energy losses and write out complete 
explicit expressions determining the energy losses to the first orders in interaction with 
soft stochastic fields of the plasma. As a special case we have obtained the expression for 
so-called polarization losses caused by large distance 'inelastic' collisions under which a 
type of initial hard parton changes. This expression supplements well-known expression 
for the polarization losses caused by large distance 'elastic' scattering [7]. 

The paper II is organized as follows. In Section 2, preliminary comments with regard 
to derivation of a system of the Boltzmann equations describing a change of the number 
densities for soft quark and soft gluon excitations due to their scattering off hard thermal 
partons of medium are given. In Section 3, the self-consistent system of the nonlinear 
integral equations for the gauge potential A^(fc) and quark wave function ^^^(g) taking 
into account presence in the system of color current and color Grassmann source of hard 
test particle is written out. On the basis of perturbative solutions of these equations 
the notions of the effective currents and sources are introduced. In Section 4, examples 
of calculation of the simplest effective currents and sources are given. It is shown that 
some of the expressions obtained are either incomplete or gauge- noncovariant. In Section 
5, the more general expressions of dynamical equations describing a change of the usual 
color charge Q°'{t) and the Grassmann color charges 6^{t), 6^^{t) of the hard test particle 
on interaction of the last one with both soft gluon and soft quark fluctuation fields of 
system are suggested. On the basis of these equations it is determined all necessary 
additional color currents and sources allowing to derive complete and gauge covariant 
expressions for the effective currents and sources at least up to third order in powers 
of free soft gluon field ^■^^"•(k), free soft quark field "ipa^^il), and initial value of the 
color charges Qq, 9q and 9q. In Sections 6 and 7, and Appendices B, D, and E, the 
explicit examples of such calculations are given. In Section 8, due to the Tsytovich 
correspondence principle the effective currents and sources derived in previous sections are 
used for calculation of the matrix elements of the scattering processes under consideration. 
Section 9 is concerned with analysis of a structure of simplest scattering probability of 
plasmino by hard particle. Here a problem of generalization of results obtained for the case 
when hard test parton is in a partial polarization state is also considered. In Section 10 we 
deal with definition of semiclassical expressions for energy losses of energetic color particle 
propagating through hot quark-gluon plasma taking into account the scattering processes 
off soft-plasma excitations carrying a half-integer spin. In particular an expression for 
the polarization losses induced by large distance collisions with a change of statistics of 
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energetic particle is given. 

In Sections 11 and 12, thoroughly the so-called 'non-diagonal' contributions to the 
energy losses are analyzed and conditions for cancellation of off mass-shell singularities of 
complete expressions for the energy losses are written out. In Conclusion some features 
of dynamics of soft and hard excitations of Fermi and Bose statistics considered in this 
work are briefly discussed. Finally, in Appendix A we give an explicit form for the action 
varying which one obtains the equation of motion for color charge of hard test parton 
and also the soft gluon and quark field equations. In Appendix C origin of singularity 
generated by classical soft-quark and soft-gluon one-loop corrections (Section 7) to the 
effective currents and sources is analyzed and in Appendix F all formulae of the paper [2] 
necessary for analysis of a structure of the simplest scattering probability are given. 



2 Preliminaries 

As was mentioned in Introduction in this paper we consider a change of the number 
densities of colorless soft-quark n^*-' = 5*%q, soft-antiquark n^^^ = 5*%q, and soft- 
gluon N^''"'^ = 6°''^N^'' excitations as a result of their scattering off hard thermal quarks, 
antiquarks and hard transverse gluons. Hereafter, we denote momenta of the soft-quark 
fields by q, q', gi, . . ., momenta of the soft-gauge fields by k, k', ki, . . . , and momenta of 
the hard thermal particles hj p, p' , . . . . 

We expect that a time-space evolution of scalar functions n[^\ / = ± and b = t, I 
will be described by a self-consistent system of kinetic equations 

, <n . ^ = -n[f^T^M,Nt\f^'^] + (l-nim%^,Nt\fS'^] (2.1) 



^ + V? ■ ^ = -Nl'^ rf)[<, Nl;\ ff'^] + (1 + Niyr\nt, AT*'', ff'^] (2.2) 

where v^-'^-' = duj^'^/dci, = duj^^/dk are the group velocities of soft fermionic and 
bosonic excitations and = f'^{p,x), = f'^{p,x) are distribution functions of hard 
thermal gluons and quarks, which in general case obey own kinetic equations. Here for 
the sake of brevity we drop a dependence on soft and hard antiquark occupation numbers 
riq and on the right-hand side of Eqs. fl2.ll) and 02.21] . The equation for n'^^ is obtained 
from (12.11) by replacement n'^^ ^ (1 — n'^'^). 
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We present, as it usually is, decay and regenerating rates in the form of the functional 
expansion in powers of the soft- (anti) quark and soft-gluon number densities 



(2.3) 



71=1 



n=l 



where F 



(/,fe)(2n+l)r^± j^^t,l fG, 
d,i 



, ) fp'^] collect the contributions of the total nth power in , riq , 
and A^k'- well as in a case of the nonlinear interaction of soft fermion and soft 
boson excitations among themselves (Paper I), the general structure of the expressions for 
arbitrary n is rather cumbersome and therefore here we write out only in an explicit form 
the decay and regenerating rates to lowest order in the nonlinear interaction (n = 0, 1). 

The fermion decay rate is written in the form 

ri'^[<A^^'\/?'^] = /7^[/?(l-/p^)+/?(l + /p^)] (2.4) 



X E "^S5(p|q;k)(i + iv, 

I b=t,r 

61,62 

+ E [ / d^^i^' q; qi, q2) (l - n^^') (l - n^^)) 

+ / "^iif^SHpl q, qi; q2) ) (i 



h,h = ± 



U2) 
q2 



+ ... 



+ E /7|;i[/?'(l + /iJ')]| E M'i/''»™f'''(p|q;qO(l-<^^^ 



C=Q,Q,G 



(27r)= 



■/i=± 



+ E E / ^^.^4^^ ^ «^fi4^^^Hp| q; k, qi) (1 + N^') (1 - )) 

+ / dTii^il' q, k; qi)iVi^) (1 - 



+ d% 



,„(C)(//i;fe), 



qqi^g ^«?i^g 



plq, qi;k)(l + Arj 



+ . . . . 
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The fermion regenerating rate is 



dp 

(2^ 



/p^(l + /p^)+/p^(l-4 



.b = t,l 



bi,b2=t,l 



(2.5) 



+ 1 rfr^/^f ^) w^Sf-ig'^Hpl q, ki; k2) (i 



+ E 

/l,/2 = ± 



(/;/i/2) ,„(/;/i/2) 



i^(/l)^(/2) 



9192 «^g-5ig2 iPi q; qi, q2j ^^v^qV 



qi / q2 



+ / <i7;<,{£,f ' •"i{f-£'(pl q. qi; q2)(i 

C=Q,Q,G-^ ^^^^ l/i=±'^ 

+ E E [/ ^^.^4'//^ «^fi^£^^^(pl q; k, qi)iv/^)^(/^) 



+ 



qi 



b = t,i h=± 



+ / d'^il^il'^ q, k; qi) (l + N, 



k j^qi 



p|q,qi;k)iVf (l-n 



*qi 



+ 



Here, for brevity we have used a somewhat symbohcal denotation. We have taken out fac- 
tors fp{^ — fp>) + f^{i + fp') , fpK^ + fp") etc. as the general multiphers. However 
it is necessary to mean that they differ for each term in braces by values of momenta p' 
and p". Thus, for example, for terms linear in A^;^^^ and n^^ respectively it is necessary to 
mean p' = p+q— k, p" = p+q— qi. Furthermore for the terms quadratic in N^'' and n^^-* 
it is necessary to mean p' = p + q — ki — k2 (or p' = p + q — qi — q2) , p" = P + q — k — qi 
and so on. The function w^{i^g*(p| q; k) defines a probability of two processes: (1) the 
process of absorption of soft-quark excitation with frequency cu^'^ (and momentum q) by 
hard thermal gluoiJll with consequent conversion of the latter into hard thermal quark 
and radiation of soft-gluon excitation with frequency uj^^ (and momentum k) and (2) 
the process of annihilation of soft-quark excitation with hard thermal antiquark into soft- 
gluon excitation and hard transverse gluon. In other words, this probability defines the 
scattering processes of 'inelastic' type 

q + G-^g + Q, q + Q^g + G, 



^In the subsequent discussion hard thermal particles of plasma undergoing the scattering processes off 
soft excitations, will be called also test particles. 
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where g, g are plasma collective excitations and G, Q and Q are excitations with typical 
momenta of temperature order T and above. Furthermore, the function Wg^i^^'-^^^(p| q; qi) 
defines a probability for an 'elastic' scattering of soft-quark excitation off hard thermal 
quark, antiquark, and gluon: 

q + Q^q + Q, q + Q^q + Q, q + G^q + G. 



The functions w^J^%''^\p\q;ki,k2), w[%\il\p\q-,ci^,q2), w;(^i4'^^)(p| q; k, qi), and 
so on define probabilities of more complicated scattering processes connected with an 
interaction of three soft plasma waves with a hard test particle. Thus the first two of 
them are the scattering probabilities for the processes of type 

q + G^g + g + Q, q + Q ^g + g + G, 

q + G^qi + q2 + Q, q + Q^qi + q2 + G 

correspondingly, and the third function is the scattering probability for the processes of 
type 

q + G-^qi+g + G, q + Q-^qi+g + Q, q + Q^qi + g + Q- 

Let us specially emphasize that in the first case the type of the hard particle changes and 
in the second one it doesn't. Such a division of the probabilities will take place to all 
orders of nonlinear interaction of soft and hard modes. This is reflected in particular in 
our notation of generalized rates (12.41) and (12.51) . 

The phase-space measures for these processes are 

/ = /(^ 6{e, + - - )) , (2.6) 



jaiq^qq y ^^^^^ ^^^^^ ZTT ^^IZ/p "h -C'p+q-qi-q2 ^qi ^qa 

Ur^f-.bh) = f 27t6(E +U}^^^~E ^ 



etc. Here Ep = |p| for massless hard gluons and (anti)quarks. The (5-functions in 
Eqs. (12.61) represent the energy conservation for the scattering processes under consid- 
eration. 
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We particularly note that for generalized decay and regenerated rates fl2.4l) and (12.51) it 
was assumed that the scattering probabilities satisfy symmetry relations over permutation 
of incoming and outgoing soft quark and gluon momenta. For the simplest probabilities, 
e.g., we have 

<_;^g)(p| q; k) = w^^ij^ipl k; q), ^i^fi^ ^^HpI q; qi) = ^^HpI qi; q)- (2.7) 

These relations are a consequence of more general relations for exact scattering probabil- 
ities depending on initial and final values of momenta of hard particles, namely, 

..(/4)(p, p'l q; k) = wfjj^ip', p| k; q), ^iJE^ ^^Hp, p"I q; qi) = ^^f-l^ ^^Hp", pI qi; q)- 

They present detailed balancing principle in scattering processes and in this sense they 
are exact. The scattering probabilities in Eqs. (12. 4p . (12. 5p are obtained by integrating 
initial probabilities over p' or p" with regard to momentum conservation law: 

w;({;^g)(p| q; k)27r5(Ep + - Ep+q_k - ^f^) 

(27r)3 ' 



= / ^i^4(P' p'l k)2vr<5(£;p + JJ^ - E^, - ujt){27rmp + q - p' - k) ^ 
^^fi/^^^Hpl q; qi)2vr5(i?p + ^(^^ - i^p+^-q, - J^^^) 
^ / w'~^}jl'f^\p, p"\ q; qi)27r 6{E^ + oo^^^ - - J^^^){2nf6{p + q - p" - qi) 



dp" 



(277)3 • 

The scattering probabilities obtained satisfy relations (12. 7p in the limit of interest to us, 
i.e., when we neglect by (quantum) recoil of hard particles. In the general case expressions 
(12. 7p are replaced by more complicated ones (see, e.g., Ref. [6], Section 10). 

For the boson sector of plasma excitations the generalized rates r^*"* and r[^'' to lowest 
order in the nonlinear interactions of soft and hard modes have a similar structure. For 
this reason, their explicit form is not given here. 

Taking into account that in semiclassical approximation we have |p| ^ |k|, |q|, |qi|, . . . , 
the energy conservation laws can be represented in the form of the following resonance 
conditions: 

^(/)_^W_v.(q-k) = 0, - - V ■ (q - qi) = 0, (2.8) 









— V ■ 
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) = o. 








— V ■ 
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- qi 


-q2 


) = o. 




-4" 




— V ■ 


(q- 


- k- 


■qi) 


= 0, 



and so on. Here, v = p/|p| is a velocity of the hard test particle. 
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In subsequent discussion for the sake of simphcity of the problem we suppose that a 
characteristic time for nonlinear relaxation of the soft oscillations is much less than a time 
of relaxation of the distribution of hard partons f^, and f^. In other words under 
the conditions when the intensity of soft plasma excitations are sufficiently small and 
they cannot essentially change such 'crude' equilibrium parameters of plasma as particle 
density, temperature, and thermal energy, we can neglect by a space-time change of the 
distribution functions of hard partons assuming that these functions are specified and 
describe the global (baryonfree) equilibrium state of hot non-Abelian plasma 



f 



G 



Here the coefficient 2 takes into account that hard gluon and hard (anti) quark have two 
helicity states. 

In Section 8 for determining an explicit form of the required probabilities we need 
in some specific approximation of collision terms. We use the fact that the occupation 
numbers A^^''-' are more large than one, i.e., 1 + A^^''-' ^ A^p''^- Furthermore, we present the 
integration measure as 

dp f\p\'^d\p\ fdflv 



(27r)3 J 27r2 J An ' 

where the solid integral is over the directions of unit vector v. Setting f^, ~ f^,^'^^ ~ 
fQ{Q) and also 1 ± /^-QW) ^ i ± jG,o(q) _ ^ ^.^^^^ ff^^^\ j^QW) ^ 
limit of vanishing fermion intensity n'^^ — we have the following expression for collision 
term C^f^n^, N^^', f^'^]: 



k b = t,l 

+ E /^^/4f^^<-^gfHp|q;ki,k,)<)A/i:^) (2.9) 



,b2=t,r 



+ E / d'^Mt^ ^i^~^Ul\p\ q; qi. q2X/^^S^ + • • • 



+ T. /<4^/;^<i£r^np|q;k,qOiv, 



b=t,l. /l=±- 

The kinetic equation (12.11) with collision term in the form of (12.91) defines a change of 
the soft-quark number density n^^ caused by so-called spontaneous scattering processes 
of soft-quark excitations off hard thermal partons. 
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3 Soft-field equations 



We consider SU(A^c) gauge theory with Uf flavors of massless quarks. The color indices 
for the adjoint representation a,b, . . . run from 1 to A^"^ — 1 while ones for the fundamen- 
tal representation i,j, . . . run from 1 to N^. The Greek indices a,(3, . . . for the spinor 
representation run from 1 to 4. 

In this section we discuss the equations of motion for soft-gluon and soft-quark plasma 
excitations, which will play a main role in our subsequent discussion. We have already 
written out these equations in Paper I (Eqs. (1.3.1), (1.3.2)). Here they should be corre- 
spondingly extended to take into account the presence of a color current caused by hard 
test particle passing through the hot QCD plasma. 

One expects the world lines of the hard modes to obey classical trajectories in the man- 
ner of Wong [1] since their coupling to the soft modes is weak at a very high temperature. 
Considering this circumstance, we add the color current of color point charge 

jQ^x)=gv'^Q%t)S^'\^-^^t) (3.1) 

to the right-hand side of the Yang-Mills field equation (1.3.1). Here, Q"^ = Q"'{t) is a color 
classical charge satisfying the Wong equation 



dt 



+ tgv''A''(t,^rt){TTQ''{t)=0, Qo = Q^it)\t=o ^ (3-2) 



where v'^ = (l,v), (T")^'^ = —if"-^'^ and t is a coordinate time. The gauge potential 
Aj^(t,x) in Eq. fl3.2l) is determined on a straight-line trajectory of a hard parton, i.e., at 
X = vt. The explicit form of a solution of Eq. (13. 2 p in the momentum representation is 
given in Ref. [6]. Thus we lead to the following integral equation for gauge potential A'^^{k) 
instead of Eq. (1.3.1) 

-f,^'''^\A,,l;,m)-&\k)-j^^l\Am-j^^^^^ (3.3) 
= -j^[A^,^,Qo](fc)-jJ?^(fc). 

On the right-hand side in the expansion of the induced currents j"^, j"^ and current of 
hard color-charged parton we keep the terms up to the third order in interacting fields 
and initial value of color charge Qq. The explicit form of induced currents j^*-^^", 
and in the hard thermal loop (HTL) approximation is defined by Eq. (1.3.3). The 

expansion terms of hard parton current have the following structure: 

jr'(^)= (^^"w^-^)' (3-4) 
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X ■ (fc - fci - k2))dkidk2 {T^'T^^Y^Ql. 

Now we consider the Dirac field equations (1.3.2). To take into account an existence of 
current of a test color particle in system it is necessary to put a certain additional terms 
into the right-hand side of soft-quark field equations. For determination of an explicit 
form of these terms we introduce a Grassmann color charge 9^ = 6^{t) (and conjugate 
color charge = ^^*(t)) of hard particle satisfying the following fundamental equation 
proposed in [5] 

^ + ^gv^A';^{t,^rt){tT^^{t) = 0, 6^ = e\t) _ (3.5) 
and correspondingly 



i=0 



- igv^A;^{t,^t)d^^{t){er = 0, el' = d^\t) 



(3.6) 



t=0 

The Grassmann color charge ^* is associated with the usual color charge Q"^ by relation 

Q\t) = e^\t){efe'{t). (3.7) 

By analogy with classical color current (13.11) we write the following expression for a Grass- 
mann color 'current' (further called a Grassmann color source) of hard test particle 

vlA^)=ge\t)xJ^'\^-^t) (3.8) 

and correspondingly its conjugation 

fteAx)=ge^\t)xJ'''\^-^t). (3.9) 

Here, Xa is a spinor independent of time t. The physical sense of this spinor will be 
discussed in the following sections. 

Taking into account (13. 8p and (13.91) . we lead to the nonlinear integral equations for 
soft-quark interacting fields V'a Tp'l^ instead of (1.3.2) 

- 4f{q) - vi'l\A){q) - vifiAAM ^ -vl[Ai^,Oo]iq) - viTiq), (3-10) 
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where on the right-hand side in the expansion of induced sources r/, f] and the Grassmann 
test particle sources r^g, fje, we keep the terms up to the third order in interacting fields 
and initial values of the Grassmann color charges 6'q, O'q' . Equations (1.3.4) and (1.3.5) 
define an explicit form of induced sources ?7^^'^^*, Va'^^\ ... in the HTL approximation. By 
virtue of identical structure of evolution equations (13.21) and (13.51) by trivial replacements 
it is easy to define the expansion terms from (13.41) for the Grassmann source rj^^ in the 
momentum representation 

V^^l\q) = j£Y,Oi,XaS{v-q), (3.11) 
vl>TiA)iq) = j£y^ (v ■ A^^iq,)) 5{v ■ {q - q^)) dq, {^^^91 , 

- i£r ^"/ (.■(..+L))(....) ■ ■ 

X 5iv -{q-qi- gs)) dq^dq^ {f^H'^'Y' O'^ . 
The expressions for conjugate terms fig^^, s = 0, 1, 2 can be obtained from (13. lip by rule: 

Now we rewrite equations (13. 3p and (I3.10p in the following form: 

A^.ik) = Af'^{k) - *V,,{k)ji^^^''{k) - *V,,{k)j^''[A,^,^,Qo]{k), 

= - ''S^Mvffiq) - *So.M v'M^^^^oM, (3.12) 

where v4jf)'*(fc), Vi°^*(g) and C(-g) are free-field solutions. The second terms on the right- 
hand sides of these equations represent fields induced by a test 'bare' particle moving in 
the medium. In the weak-field limit the system of the nonlinear integral equations can 
be perturbatively solved by the approximation scheme method. Formally, a solution of 
system (13.121) can be presented in the following form: 

A^ik) = A^^^^k) -* P,.(A:)jJ,°)'^^(fc) -* D,.(A:)j-[AW, ^W, ^W, Qo,9l 9,]{k), 

= - *s^f^iq)vP;iq) - *s^Mnl\A^'\i''-'\Q^M{q\ (3.i3) 
rA-q) = i^T\-q) + nZ{-q) *Sp^{-q) + r^;[AW*, v^w, Qo, el ] *s,^{-q). 
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Here the functions j"''^, rj^ and 77^ represent some new (effective) currents and sources 
being functionals of free fields and initial values of color charges. Our main purpose is 
calculation of an explicit form of these effective currents and sources. 

Unfortunately, as was earlier shown [1] a direct employment of the approximation 
scheme method for determination of desired effective currents and sources is very compli- 
cated already on the second step of iteration and as a consequence it is ineffective. Here 
we use a simpler approach to calculation of effective currents and sources suggested in 
our previous works [HI El El H] ■ It is based on the fact that by virtue of the structure of 
the right-hand sides of Eqs. fl3.12p and (13.131) the following system of equations should be 
carried out identically 

^, ^, = f^[A('\ ^(0), ^W, Qo,el eo]{k), (3.14) 

77^[^,V,^o](g) = r/^[AW,^(°),Qo,^o](g), (3.15) 

n'p[A*,^,el]{-q) = f,;[A^'>,^'^'\Qo,el]{-q), (3.16) 

under the condition that on the left-hand sides of Eqs. (13.141) - (I3.16P the interacting fields 
A^, and ip^ are defined by expressions (I3.13p . For deriving an explicit form of the 
effective currents and sources we functionally differentiate the right- and left-hand sides 
of equations (I3.14p - (13.161) with respect to free fields A^^^'^, tp^^\ ^^^'''^ and initial color 
charges Qg, 9^, and Ol' considering Eqs. (1.3.3), ([33]), (1.3.4), (1.3.5), (l3lli) and so on for 
differentiation on the left-hand sides, and set Af'^" = = ^j^^^ = = el' = 9^ = 
at the end of calculations. In Sections 4, 6, and 7 we will give some examples. 



4 Effective currents and sources of lower order 



The first simplest effective source arises from second derivative of the source rjl^lA, tp, OoKq) 
with respect to free soft-quark field tp^^^ and initial usual color charge Qq. Taking into 
account Eq. (1.3.4) and the derivative 



we find 



^^r/-[A^,^o](9) 

5#^(gi)5gg 



,5^r^-[AW,V;W,go,go](g) 



(4.1) 



(4.2) 



{2ny 



{tT' *rS'^(g - gi; gi, -g) *V,^{q - q,X6{v ■ (g - gi)). 
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Here and henceforth the symbol " | o " means that derivatives are taken for values A^^^ = 
ipi^) = = Qq = oj^ = = 0, Thus in linear approximation in free quark field ip^^^ and 
color charge Qo, we have 

2 

t^'{i^^'\Qo){q) = ^ {tT'Qo I ix, X\ q, -qi)¥^^'' (qi) 5{v ■ {q - q{))dq,, (4.3) 
where the coefficient function in the integrand is 

K^^al (X, X\ q, -qi) = - *r(£);(g - q,- gi, -q) *V,M " qiV ■ (4.4) 

The effective source ( 14. 3 p within the framework of semiclassical approximation generates 
the simplest elastic scattering process of soft-quark excitation off the hard test parti- 
cle, i.e., the scattering process occurring without change of statistics of soft and hard 
excitations (Fig.[T]). 




Figure 1: The process of elastic scattering of soft fermion excitation off the hard test particles. 
The blob stands for the HTL resummation and the double line denotes hard test particles {G is 
a hard gluon, Q (Q) is a hard quark (antiquark)). 



Furthermore, we calculate the second derivative of the source 7]l^[A, ip , O^Kq) with re- 
spect to A^^^ and 9q. Taking into account Eq. (13.111) . (1.3.4) and derivative 
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after simple calculations, we get 

^^<[AV^,go](9) 



f27r) 



''S^p{q)XpS'^S{vq) 



^^7^^[AW,V;W,Qo,go](g) 



(4.5) 



9^ 



(tTK^'-iy^^xlk -q)S{v{k-q)), 
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where the coefficient function Kj^''^ is defined by the expression 

i^l^^'^(v,x|fc,-g) = ^ - *T%^'ik;q-k,-q)*S,,iq-k)x,'. (4.6) 

Thus we have found one more effective source additional to (14 .3^ hnear in free gauge field 
A^^^ and the Grassmann color charge 

€^'iA^'\ OoM = j£y, (tT ei I kP^(v, x\ -q)Af\k) 5{v ■ (k - q))dk. (4.7) 

This effective source generates now somewhat more complicated scattering process of soft- 
quark excitation off hard thermal particles bringing into change of statistics of hard and 
soft modes. The diagrammatic interpretation of two terms in expression (14. 6 p is presented 
in Fig. [21 where in first line a 'direct' channel of scattering is depicted and in the second 
one 'annihilation' channel is drawij§. For convenience of the further references we write 




Figure 2: The lowest order scattering process of soft fermion excitations off the hard test 
particles with a change of statistics of hard and soft excitations. 

out also an explicit form of effective source Dirac conjugate to (14.71) 

n^^^\A<'\el){-q) = el\ty^jK^^)^{^,x\h-q)Af^^{k)5{v-{k-q))dk. (4.8) 

^In the semiclassical approximation, the first term in coefficient function (|4.6p aiso contains processes, 
where the soft giuon is emitted prior to soft-quark; absorption. Hereafter for the sake of brevity the 
diagrams of these scattering processes will be sequentially omitted. 
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Here the coefficient function Kf^^^ equals 



V ■ q 



+ X/3' *S^'pi-q + k) *TfJ'{-k- -q + k,q). (4.9) 



It should be mentioned that in calculating derivatives with respect to the Grassmann 
charges 6q and 6q we must consider variables Qq, 6q and 6q as completely independent, in 
spite of the fact that there exists relation fl3.7p . Otherwise in calculating effective currents 
and sources we obtain the coefficient functions containing terms of different order in the 
coupling constant. 

Now we consider derivatives of the current j°''^[A,il)^il),QQ\{k). To lowest order in the 
coupling here there exist two nontrivial derivatives linear in free soft-quark fields if)^'^^ 
and the Grassmann charges 61., Oq'. The ffist of them has a form 



mi, 



-q) 5ei 



(0)i. 



-q) 561 



(4.10) 



9' 



{tT *T%^'{k; q, -k - q) *Spp.{k + q)xp' 5{v ■ {k + q)). 



In deriving the expression we have used Eqs. (1.3.3) and (14.51) . Another variation has a 
similar structure 



2 



9 



5'j'^^[A('\^lj'^'\^lj^'\Qo,eleom 



5i^^a^\q) 591 



(4.11) 



{tT XP' *Sp.p{k - q) T£)'^(fc; -k + g, -q) 5{v ■ {k - q)). 



Let us recall that we consider the quark wave functions tp^^ and tp^^ as Grassmann 
variables similarly to color charges 9^ and 9q\ i.e., they obey anticommutation relations. 
Besides we require in addition fulfilment of rules 

{^^'\9o} = {^^'\9l} = = {^^'\9o} = 0, 

where { , } denotes anticommutatojfl. Consideration of these relations is important for 
obtaining correct signs ahead of the terms in the coefficient functions of the effective 
currents and sources. 



■^In conjunction operation of product of two (and more) anticommutating functions it is necessary to 
follow the rule 



i.e., and are rearranged without change of a sign ^lOj. 
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It is easy to show that the coefficient functions in the effective sources ( 14 ■3p and fl4.7p 
are gauge invariant if they are determined on mass-shell of soft plasma modes. In the first 
case this implies independence of the function (14 ■4p from a choice of gauge for soft-gluon 
propagator. Let us consider in more detail the second case. We convolve function (14. 6 p 
with longitudinal projector U^{k) = k'^u^ — k^{k --u) in a covariant gauge. Making use the 
effective Ward identity 

T(«)^(A;; q - k, -q)k, = *S-\q - k) - *S-\q), (4.12) 

we find 

«,(fc)K(«)^(v,x|fc,-g) = A:2{^ - *r%^\k;q-k,-q)*Sf,piq-k)x^)j (4.13) 

- - ( *S-'p{q -k)- *5-j(g)) *Sp^iq - A:)x/3'}. 

On mass-shell of soft fermion excitations the equation *S^^{q) = is fulfilled and there- 
fore, the second term on the right-hand side of Eq. (14.130 vanishes. Furthermore, we 
consider a convolution of coefficient function (14. 6 p with longitudinal projector in the tem- 
poral gauge Ufj,{k) = k'^{Ufj,{k ■ u) — kfj)/{k ■ u). The reasonings similar to previous ones 
result the convolution u^{k)K^'>^\on-shc\\ in the expression, which exactly equals the ffist 
term on the right-hand side of Eq. (I4.13p . By this means we have shown that at least in 
the class of temporal and covariant gauges coefficient function (14. 6p is gauge invariant. 

If we repeat the same reasonings for coefficient function generated by derivatives (14. lOp 
(or (14. lip ) using the Ward identity for HTL-resummed vertex *T'^^'>^{k] q, —k — q), then 
we see that the function is not gauge invariant. The analysis of this fact suggests that for 
restoration of gauge symmetry of effective currents it is necessary to add an additional 
current to the right-hand side of the Yang-Mills equation (13. 3p . This current is directly 
connected with an existence of spin-half hard partons with the Grassmann color charge. 
The next section is concerned with consideration of this problem in more details. 

5 Additional color currents and sources 

Let us define an additional current, which should be added to the right-hand side of 
the Yang-Mills equation in order to restore a gauge invariance of the coefficient function 
determined by derivative (I4.10p (and also (14. lip ). At ffist we consider this problem in 
the coordinate representation. It is clear that this current is to be real, gauge-covariant, 
vanishing in the absence of the hard test particle with the Grassmann charge (i.e., for 
^0 = ^0 = 0). Besides, the current as far as possible should not generate additional terms. 
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which not needed for restoration of gauge invariance of coefficient functions in the effective 
currents. Let us write out usual color current (13 .ip taking into account the relation (13. 7p 

and transform this current as follows. We perform the replacements 



03 it) ^rgj [/^■^■'(t,r)(xa^^'(r, vr)) rfr, 
to 

where U{t,T) = T exp{—igj^(v ■ y4'^(r', vr')) t^rfr'} is the evolution operator in the fun- 
damental representation. Furthermore, in the same way we replace in the initial current 



to 

and combine together two in such a manner the expressions obtained. As a result we 
obtain new color current in the following form: 

t 

^P, ^p]{x) = zg\J (^^'(r, vr)xa)t/*'^(r, t)dT {tTO'{t) - vt) (5.1) 

to 



tg\ e^' it) {tT I U" '{t,T) (xaV'^' (r, vr)) drS^^^ (x - vt) . 



to 



In order to distinguish this current^ from (13.11] we use notation jo instead of jq. The 
current (15. ip satisfies all properties listed above. Unlike color current (13. ip and color 
sources (13. 8p . (13. 9p expression (15.11) explicitly (hnearly) depends on interacting soft-quark 
fields Ip and ip. Now we turn to the momentum representation 



jfc.x-- ^ . . ^ dt rfx 



j,;[A^,V^](fc) = ye''=-X[AV^,V^](x)-^ (5.2) 



^Note that by using differentiation rule of the link operator U {t, t), we can represent also current (jS.ip 
in more compact form 



t t 

9l'j W'ito,r)(^Xo.y^i{T,VT))dT- f (4,l{T,VT)Xc)U'''{T,h)dTel 



to 
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and define the first term in expansion of j^^ in powers of interacting fields A, tp, tp, and 
initial values of the Grassmann color charges 6q, 6'q*. For this purpose in (15 .ip we set 



-i{v-q)T ( l i' 



-q)Xa)dq 



and so on. Discarding all terms containing initial time to, we obtain after simple calcula- 
tions 



9' 



(27r)3 

-.2 



[v-q) 



q)Xa)itT0i5{vik + q))dq (5.3) 



+ 
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We add additional current (15.21) . (15. ip to the initial one ip, ip, Qo]{k) on the right- 
hand side of field equation (13. 3p . Taking into account the explicit expression jj^^J'^ written 
above, we obtain instead of (I4.10p 



5tpj^^\-q)59i 



6'j^^[A(^\^(^\ip(^\Qo,ele,]ik) 
Si>^^^\-q)59i 



(2vr) 



-(tTKP^{^,x\k,q)S{v{k + q)), 



where the coefficient function K^^^ is defined by 

Kf)''(v,x|fc,g) 



V ■ q 



(5.4) 



and correspondingly instead of (14. lip , we have 



6'{j ^>^[A,^,^, Qo] (k) + [A, ^, ^] (A:) 



ti 



6^r>^[A^^\ip^'\i;^'\Q,,eo,el]{k) 



5ip^^^\q) 691 



ti 



where 



(27r)3 
Kf^^{^r,x\k,-q)-^ 



9 (r).-^irf)'^(v,x|fc,-g)<5(T;-(A;-g)), 



V ■ q 



+ XP' *Sp,p{k - q) Tg)^(fc; -k + g, -q). 



(5.5) 



Now we can write out a total expression for the effective current linear in free soft-quark 
fields ^^^\ ip^^^ and the Grassmann charges 9^^, 9^: 



j«'^(^W,^W)(A:) = jJ-(^(°))(-A:)^^ + 9^' j-{iP^'^){k), 



(5.6) 
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where 

2 

^ ^ itTjK^^li^, x\ k, -qWKq) Siv ■ {k - q))dq, (5.7) 

j;-(V.(°))(-fc) ^i°^^(-9)r)^'^i^S(v, Xl A;, q) 5{v ■ (k + q))dq. 

This effective current generates the scattering processes that are inverse to the scat- 
tering processes depicted in Fig.O By a direct calculation it is easy to verify that this 
current satisfies the condition of reality: j*{k) = j{—k), and coefficient functions (15. 4p 
and (I5.5p in contracting with a longitudinal projector are gauge invariant in the sense as 
it was discussed in the previous section. 

Further, we consider a derivation of current (15. ip proceed from the corresponding gen- 
eralization of evolution equations (13. 5p and (13. 6p . As was already mentioned in Introduc- 
tion these equations was obtained in Ref. [5] under the assumption that in medium there 
is only mean (and/or stochastic) gauge field ^^(x) in which the classical color-charged 
particles move. Here the following question arises: How are the equations modified if in 
addition there exist stochastic soft-quark fields ipl^{x), ip^ix) in the medium? We assume 
that a minimal extension of equations (13. 5p and (13. 6p to the soft-fermion degree of freedom 
of system with retention of gauge symmetry has the following form: 



d^\t) 
dt 



+ ^^t;M^(t,vt)(0^^-^^(t) +z^(x.^^(t,vt)) =0, 6}, = ^'{t)\^^^^ (5 



dt 

The general solution of these equations is 



t=to 



^\t) = W'{t,to)ei -igj U'^{t,T)(xa^i{T,WT))dT, (5.9) 



to 

t 



§^\t) = eyW\t,,t)+ig / (V^^(r, vr)x.)f/^Xr,t)rfr. 



to 



Here we have introduced new symbols -i?* and ■(9^* for the Grassmann charges having kept 
the old symbols 6*' and 6*^* for solutions of homogeneous equations (13. 5p . (13. 6p . 

If we now substitute these solutions into (13. 7p and take into account the identity 

[/(r, t)r?7(t, r) = U''\t, T)t\ (5.10) 
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where U{t,T) = T ex-p{—igj^{v ■ A"-{t' ,vt')) T'^dr'} is the evolution operator in the 
adjoint representation, then we obtain the following expressioijf] for the color charge Q°'{t): 



Q%t) = W^'it, to) Q'o + ig< I (r, vr)x J f/^'^ (r, t) dr (ty^ W (t, to) 9, 




(5.12) 



to 



t t 



+ 9' M^i{r,^r)xa)u'\r,t) {tTU"' {t,T'){xa'^P'a,{T',^rT'))dTdT', 



to to 

where we also have introduced a new symbol for usual color charge, having kept 
the old symbol Q"^ for the solution of the Wong equation f l3.2p . If we now insert f l5.12p 
into expression for current (13.11) . then the first term on the right-hand side of Eq. fl5.12p 
determines the usual 'classical' color current of hard parton. The expression in braces in 
Eq. (15.121) determines current (15. ip . which we have introduced above for recovering gauge 
invariance of scattering amplitude. The physical meaning of the last term in (15.120 is less 
clear, as well as the physical meaning of the last terms on the right-hand sides of solutions 
(15. 9p in inserting the last into Grassmann color sources (13. 8p and (13. 9p . Unfortunately, 
these terms generate additional contributions redefining the effective currents and sources. 
For example, in color source (13. 8p there exists a term linear in interacting soft-quark field 



(0)i , 9 



Xc 



'{xpMq'))S{v-{q-q'))dq' + 



(27r)3 {v ■ q) 

This in particular leads to the fact that it is necessary to redefine the left-hand side of 
the Dirac field equation ( I3.10p to the following form 

*s-J{qWM - / dq'[s-JW)Kq - + '^(^ ■ - q'))]^')- 

There are additional contributions to all HTL- induced sources: r7^^'^)(A, ■?/'), ri^'^'^\A^ A, ip) 
and so on. The last term on the right-hand side of Eq. (15.120 generates new contributions 
to the HTL-induced currents ^''^^"^'^•'(A, ?/)), .... By virtue of this fact we 

can say nothing about physical sense of these new contributions, during all work we 



^The function (15.12p is formally a solution of the equation 
dS"(i) 



dt 



with initial condition = Q° (t) | . This equation follows from system 
"d^ {t) here, are defined by Eq. 



= 0, 
(5.11) 

The functions t?^-' (t) and 
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simply ignore them. However the account of the functions generating these contributions 
is very important. With the help of these functions we can construct new gauge- covariant 
currents and sources, which generate new terms in scattering amplitudes. These terms 
have already quite concrete physical sense. This will be the subject of discussion just 
below. Here we would like to make one more additional remark. As it is well known 
evolution equation fl3.2p admits an integral of motion 

Q"it)Q"it) = Q'^^Q'^Q = const, 

and equations fl3.5l) . fl3.6p admit, correspondingly 

e^'{t)e\t) = el'ei = const. 

The new evolution equations fl5.8l) and (15.111) allows no such integrals of motion. In other 
words, in the presence of soft-quark field fluctuations in the medium, 'the length' of color 
vector of classical particle is not conserved any more. 

Now we introduce the following notations: 

t t 
n\t) ^ -zgJu'^{t,T){xaK{T,^rT))dT, (t) = tg J {ijHr, ^rT)xa)u^' {t, t)dT, (5.13) 

to to 

t t 

E^{t) ^ g'J j[^i{T,WT)xo)U''\T,t) {t^rU^^\ty)(xa4Ur\wr'))drdr' 
to to 

= - T^-A (^^'it)Q'{t)). 

g 6{v^A''^'{t,vt)) ^ ^ 
In the last equality we have used the differentiation rule of the evolution operator 

Let us define a new additional source setting by the definition 

(5.14) 

t 

= -la g\^Q^ (t) {tTju''' {t, r) (xp4 ^^)) '^^'^ " 

to 

= agXaQ''{t){tT^'{t)5^'\^-^t). 
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Here a is a constant, which should be defined from some physical reasons. Some of them 
will be discussed later. The multiplier 'z' is introduced for convenience subsequently. 
Under the gauge transformation non-Abelian charge is transformed by the rule 



therefore, as it is not difficult to see from explicit expression (15.141) . this source is trans- 
formed properly: rjQa — > SrjQa- We turn to the momentum representation. From f l5.14p 
it follows the next nontrivial derivative of the second order with respect to ip^^'^ and Qq 



a 



9 {t^Y^f^5{v{q-q,)). 
(27r)^ [v ■ qi) 



If we now add this expression to (14.21) . then we obtain total expression for the effec- 
tive source 77^^^* linear in free soft-quark field ^/''^^^ and color charge Qq, instead of (14.31) . 
where now as the coefficient function K'^^{x^ x\ ^Qi) it is necessary to understand the 
following expression 



X\ g, -gi) = « - T(£);(g - q,; q„ -q) *V,^{q - q,)v\ 



V ■ qi 



(5.15) 



The diagrammatic interpretation of new 'eikonal' term on the right-hand side of Eq. (I5.15P 
is presented in Fig. [SI These graphs should be added to Fig.[Tl Note that the fundamen- 
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Figure 3: The eikonal contributions to the elastic scattering process of soft fermion excitation 
off the hard test particle (Fig.[T]). 



tal difference between coefficient function (I5.15P and coefficient functions (14.60 and (15. 4p 
consists in the fact that two terms in (I5.15P are not associated to one another by the 
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requirement of gauge invariance of the scattering amplitude that, for example, unambigu- 
ously would fix the constant a. 

For convenience of the further references we write out an explicit form of the effective 
source f] Dirac conjugate to (14.31) 

(5.16) 

where 

KSUx, x\ q, -qi) = ^ - T(Q)^(-g + q,- -q^, q) ^V^q - q^)v\ (5.17) 

From functionals (15.131) one can form two some more additional sources: 

vLi^) = PgXaitT ^\t)E%t)6^'\^-^rt) (5.18) 

and 

vliai^) = PigxcitT' ^'\t)[^^'^\twr^ e^it)] 5(=^)(x - vt), (5.19) 

where /3, /3i are some constants. The sources (I5.18p . (15.191) generate contributions to the 
scattering processes of higher order in the coupling (see the next sections). For example, 
the first nontrivial derivative of source (I5.18P in the momentum representation 



5ShAA^M{q) 
5#'(g2)54?^(-gi)'5^^ 



° (5.20) 
defines eikonal contribution to nonlinear interaction process of three soft-quark excitations 
with the hard parton (Eqs. (16.61) . (16. 7p and Fig. [6]). The source (I5.19P generates a similar 
contribution with replacements in Eq. flOOD : (3 (3i and (r)*^(r)*i*2 (r)"2(r)»ii. By 
virtue of a structure of the functionals fi*(t), fi^*(t) and S"(t), sources (I5.18p . (15.191) are 
transformed by covariant way under the gauge transformation. 

Finally, we can define another color current supplementing (15. ip setting by definition 

j^^[A,^^,lj^Q,][x)=zav,Q\t){^j^^^^^ (5.21) 



t t 

3 



to to 



X Q\t) 5(3)(x-vt), 
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where a is a new constant. The additional color current fl5.2ip similar to additional 
sources f l5.18l) . fl5.19p generates contributions only to higher orders nonlinear interaction 
of soft and hard modes. The first nontrivial variation of current f l5.2ip (in the momentum 
representation) defines eikonal contribution to nonlinear interaction process of two soft- 
quark and one soft-gluon excitations with the hard parton (Eqs. (16. ip . (16. 2p and Fig.H]) 



6'ji^[A,^,^,Qo]{k) 



a 



(2vr) 



1-j 



XaXa 



5{v{k + q-qi)). (5.22) 



The currents and sources written out in this section and Section 3 enables us to 
calculate complete expressions for scattering amplitudes of soft QGP modes off hard 
thermal particles, at least up to the third order in free soft-field amplitudes and initial 
values of color charges of hard partons. In two latter sections this will be proved by 
explicit calculation of effective currents and sources generating processes of nonlinear 
interaction of three plasma waves with the test particle and soft-loop corrections to the 
scattering processes considered in Section 4. Unfortunately, we cannot prove whether 
it will be necessary to introduce more complicated in structure additional currents and 
sources in calculating the total scattering amplitudes of higher order in interaction. The 
direct computations here become very cumbersome and therefore for the proof of closure 
(or non-closure) of the theory it is necessary to use methods and approaches that are not 
related to an expansion in a series in powers of soft-field amplitudes and initial values of 
color charges. 

In Appendix A we give an explicit form of the action S varying which we get the 
equation for color charge evolution of the hard test parton and the Yang-Mills and Dirac 
equations for soft gluon and quark excitations. The action suggested generates all addi- 
tional sources introduced in present section. 



6 Third-order effective currents and sources 

In this section examples of calculation of effective currents and sources next-to-leading 
order in the coupling g will be given. As a first step we consider the third order functional 
derivative of relation (I3.14p with respect to ^jJ^'^\ and Qq. By current j° on the left- 
hand side it is necessary to realize a sum of the initial current and additional currents 
dSH) and i.e.. 
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Here, we have 



+ 



5A->r{ki)5A-2^^'^{ki) 6QI 5i;f\q,)5i,^^^\-q,) 



SA'^>.{k()6^^^{q^)S^\{-qi) SQ'o 5i,f\q,) 



r,(0)i. 



dk[dq[dq2 



+ 



+ 



+ 



- dk' 

5A^'.^'^{ki)5Ql5^l^f\q,)5^l,^S\-q^) ' 



5'ji,ik) 54\{q!,) 64j\{-qi) 



dq[dq2 



dq[dq2 



-Mi, 



dq[dq2 



where on the right-hand side we keep the terms different from zero only. Taking into 
account Eqs. (1.3.3), (SI]), (I33D, (021), flHTTHD and ([522]) from the last expression we find 
the effective current in the following form 



3 



f^(V^(°),V^(°),Qo)(fc) 



9" 



X, X\ k; gi, -q2) V^r(-gi)V^r(92) (6.1) 



X 6{v ■ {k + qi - q2))dqidq2 Q\ 



; 



where the coefficient function K 



{G)ab, ij 
11, a(3 



IS 



Kl^lt''\^,X,x\ k;qi,-q2) 



^'^^^ap'^k, -k-qi + q2\ qi, -^2) *V'"'\k + qi - q2)v^ 



+ r, t'']^^ir^,(v, v| A:, gi - g^) ^^'^'^'(-gi + ^2) T(^)„^(-gi + g^; gi, -^2) (6.2) 
- (rt^)*^- T(%(A;; gi, -A; - gi) *S,,.{k + gi)<?,Hx, xl ^ + gi, -g2) 



+ (tV)^^ir(«)(x, X\ k - g2, gi) *S,,\k - q2) T(^),^(fc; -g2, -k + g^) 



{y-qi){v-q2) ' 
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Here the function 



K^y{\, v| k, qi -q2) = r + *T^^x{k, Qi - q2, -k-qi + gs) *D^^'{k + qi - q2)vx' 

V- [qi- q2) 

was introduced in Ref. [6]. It defines (on mass-shell of soft modes) the amplitude for 
elastic scattering of soft-gluon excitations off hard particle. The coefficient functions 
qi, -ga) and K^^^\x, xl ^ - ?2, gi) in the third and fourth lines are defined 
by equations f lS.lSp and f l5.17p correspondingly. The last term on the right-hand side 
of Eq. (16. 2 p is produced by additional current (I5.2ip . and two the last but one terms 
contain the eikonal contributions induced by additional source (I5.14p and its conjugation. 
The effective current (16. ip generates two processes of interaction of three soft plasma 
excitations with hard test particle: (i) the scattering process of soft-gluon excitation off 
hard parton with consequent soft-quark pair creation and (ii) the scattering process of 
soft-gluon and soft-quark excitations with consequent soft-quark radiation. Diagrammatic 
interpretation of different terms in coefficient function (16. 2p is shown in Fig. HI Here the 
scattering process of soft-gluon and soft-quark excitations only with consequent soft-quark 
radiation is presented. 

To define an effective current generating the scattering process with participation 
of two soft-gluon excitations and one soft-quark excitation, it should be considered a 
functional derivative of the relation (13.140 with respect to 9q, A^^\ ip^^'> and A*^^\ 
ip^°^ with the over-all current j'^[A, ip, ip, Qq, 6q, 6Q\{k) on the left-hand side. Omitting the 
details of calculations, we result at once in the final expression (cp. (15.60 ) 

~j^^^\A^'\iP^'\iP^'\dl,d){k) = j;-(A(o),^W)(-fc)e^ + j7(AW,^W)(A;), (6.3) 

where 

j-(AW,V^(°))(A;) ^ ^ /i^iS;7'^^(v,v,x| A;;-A;i,-g)AW«^^H^i)^i°^^(g) (6-4) 

X 5{v ■ {k — ki — q)) dqdki, 

~3l-{A^'\iP^'^){-k) ^ ^ 

X 5{v ■ {k + ki + q)) dqdki. 
Here the coefficient function K^^_^'^^'^^ is defined by the expression 

Kf^l^^'K^. V, x\ k; -k„ -q) ^ - X/3' *^w(fc -kr-q) <2""„^^(A;, -k^; -k + k, + q, -q) 

- r,t'^i]*^T^,^,(A;, -k + k,, -k,) *V-^\k - k,)Kf^^{w,x\ k - k,, -q) (6.5) 
- {ee^ fK^^li^,, x\ k, -q - k,) *Sp,p{q + kr) T^JJ^JA;!; q, -q - k{) 
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G Q Q G Q 




G Q G G Q G 



Figure 4: The processes of absorption of soft-gluon and soft-quark excitations by hard parton, 
accompanied by soft-quark radiation. 
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{eHTK^M^, x\-h,k-q) *Sp,p{k - q) *T';:Uk- q - k, -q) 



(G) 



^ {vq){vk) 



'^/I'^/^i Xa 



{v ■ q){v ■ ki) 

The second, fourth and fifth terms contain eikonal contributions generated by additional 
current flS.ip . Diagrammatic interpretation of different terms in the coefficient function 
(16.51) are presented in FiglHl These diagrams should be supplemented with graphs describ- 
ing interaction of soft modes with hard test antiquark Q. The example of such diagrams 
is shown on the first line in parentheses. 

Now we consider a third order functional derivatives of relation (13.151) . By the source 
on the left-hand side it is necessary to mean a sum of initial source (the right-hand side 
of Eq. (ElO])) and additional sources (EHj), (EH]), and (l5A9l) : 

7]l [A, V', V', Qo, ^o] (g) = [A ^, Qo] (g) + Vqa [A ^, ^o] (g) 
+ 7]i^[A, V', ^, ^o] (g) + vL [A ^, V^, ^^o] (g). 

Differentiation of (I3.15P with respect to ■ip^^\ xp^^^ and 9q yields 



53ry^[AV',V',Qo,^o](g) 



5^^a^''iq2)S^pZ"'{-qi)5ei 



{0)h 



53r)^[AW,^W,^(o),Qo,^^o](g) 



(0)ii 



-I' 



SW^'^^\q) ^<\(giO 6^A''>i{ki) 



dk[dq[ 



5A-W.{k[)5i^\{q[) 5^^54?^(-gi) 5V^r^(g2) 
^^^£^(g) 6'A<^'^{k[) 

561 M<K {k[) 54°)^^ (52)^4?^ (-gi) ' 

^\VU<1) + VhaiQ)) 4(^2) i^Xi-di) 



,(0)i2 



+ 



dk[dq[ 



dqM 



5ei5ij\{q!,)5i,\{-q[) 5#'(g2) 54°^(-gi) 

We kept again only the terms different from zero on the right-hand side. Taking into 
account Eqs. (1.3.4), (1.3.3), (15.41) . (13. lip and (I5.20p . we easily derive an explicit form of 
effective source generating the process of nonlinear interaction of three soft-quark excita- 
tions with the hard test particle 



(2vr)= 



g,gi; -g2) V^i?n-gi)^i?Hg2) (6.6) 

x5{v ■ {q + qi- q2)) dqidq2 9^ , 
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Figure 5: The scattering process of soft-gluon excitation by hard parton followed by soft-gluon 
and soft-quark radiation. 
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where the coefficient function K'^^^^'^^ is 

^S:r(x,x,xk,gi;-g2) (6.7) 
- (t»)^^(r)^i^^ir(«)'^(v, xl - gi + g2, -g) *2^;..(-gi + g2) T£)^^(-gi + g^; gi, -g2) 



{v-qi){v-q2) {v-qi){v-q2) 
Diagrammatic interpretation of different terms in coefficient function (16. 7p is presented in 
Fig.El 

Furthermore, we can define just one more third-order effective source 77^^^* taking 
variation of relation fl3.15p with respect to A'^'^\ -ip^^^ and Qq. Omitting calculation details, 
we give at once final result: 

€HA^'\^^'\Qo){q) = j£y /^i^l?;^^Hv,x,x|g;-gi,-^)^^°^'^'^(A:)<)^n^ (6-8) 

X 5{v ■ (g — gi — A;)) dqidhQ^ , 
where the coefficient function -ft'^'^^ai' is defined by the following expression: 

Kj^l^r'i^^ X, x\ g; -gi, -k) ^ - ^^^'^rHg -qi-k, k- gi, -q) *v''% -q,- k)v,, 
+ [t^t'^pTi?L,(g-gi;gi,-g)*^^''''(g-gi)^.^(v,v|g-gi,-A;) (6.9) 

+ ithT'K^^^ix, X\ g, -gi - k) *Sp^,{k + q,) *Tf^p,^,{k- q,, -q, - k) 
- if't'T' *rJ3)^(A:; g - k, -q) *Spp.{q - A:) Kfl ix, x\q-k, -gi) 

[y ■ q)[y ■ k) [V ■ q\)[v ■ k) 

The effective source fl6.8p generates the scattering processes, which are reverse to the 
scattering processes depicted in Fig. HI 

Finally, we give an explicit expression for the effective source 77^^^* arising in calculating 
the third order derivative of relation flS.lSp with respect to A^^^{k\)^ A^^^ikq) and 6*9. The 
calculations similar to previous ones result in the following expression for ff-^^'^: 

t\A^'\A^'\B,){q) = \^^ \KfXT^-^^\^,^,xU\-k,.-k2)A^'^^^^^^^^^ 

X b{v -{q-ki- k2)) dkidk2 . (6.10) 

The explicit form of the coefficient function Kj^j^^^^^'"^^ and also diagrammatic interpre- 
tation of different terms are given in Appendix B. The effective source fl6.1Up closes a set 
of the effective currents and sources determining nonlinear interaction processes of three 
soft elementary excitations with hard test particle in the linear approximation in initial 
values of the usual and Grassmann color charges. 
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7 Soft-loop corrections 



The effective currents and sources written out in previous sections define the scattering 
processes of soft modes by hard thermal particles in tree approximation. However, as we 
have shown in the case of purely soft-gluon excitations [6], there exists an infinite number 
of effective currents, in which coefficient functions define so-called 'classical' soft-gluon 
one-loop corrections to the tree scattering amplitudes. Although these effective currents 
are suppressed by powers of the coupling constant in comparison with tree-level effective 
currents, their accounting in some cases is rather important. Thus, for example, in our 
work P] it was shown that soft one-loop corrections to soft-gluon bremsstrahlung generate 
'off-diagonal' contributions to the radiation energy loss of fast parton connected with the 
coherent double gluon exchanges. These contributions within the frameworks of a light- 
cone path integral approach were first considered by Zakharov [llj to ensure unitarity. 
The presence of soft-quark excitations in the medium results in a new feature: appearing 
'classical' soft-quark loops. As well as in the case of purely soft-gluon excitations [H] 
effective currents and sources containing soft-quark loops arise in calculating derivatives 
of higher order with respect to color charges Qo, (^o of the basic relations (13.141) - 

(I3.16p . Below we will give some examples of concrete calculations and diagrammatic 
interpretation of the results. 

The first nontrivial example of this type arises in calculating the derivative of relation 
(I3.14P with respect to the Grassmann charges 9l and Oq (with the over-all current on the 
left-hand side) 



52jnAW,^(o),^(o),Qo,^5,^o,](fc) 



del' 561 x^ti^^i 1 



.0 ^eV^oi ] 

where in the last line we keep the terms different from zero only. Taking into account 
Eqs. (15.31) . (14. 5 p and (1.3.3), it is not difficult to show that the right-hand side of this 
equation can be resulted in the following form (for the sake of simplicity here we suppress 
of the summation over spinor indices): 

,3 
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(27r) 




{rs{q')x)-{rs{-q')x 



(7.1) 



+ {rS{k-q'YVf\k- -k + q\ -q'rS{q')x^ 6{vq') dq' 6{vk). 



From this point on we will designate virtual momenta by letter with prime. The diagram- 
matic interpretation of different terms is presented in Fig. [71 The region of integration 
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1 




+ 



Q,Q,G 



Q,Q,G 




Q,Q,G 



+ 



J) A: 



Q,Q,G 



Figure 7: The one-loop corrections to the initial current jQ^"'^{k) = g/{2TTY v'^Qq6{v • k). 



in loops is restricted by the Cherenkov cone v ■ q' = 0. Moreover, by virtue of condition 
v-k = (the last (5-function in Eq. fl7.ip ) the derivative calculated is not equal to zero only 
for off mass-shell plasma excitations. We note especially that it is impossible to obtain 
Eq. (17. ip literally from the right-hand side of Eq. (I5.6p by simple replacements 



9 



(7.2) 



(2vr)= 



5 



since in this case we obtain superfluous term with vertex *T^^\k] —k + g', —q') in com- 
parison with (17.ip . Finally, the integrand in (17. ip contains a singularity 5{y ■ q') I {v ■ q') 
generated by the eikonal term. Brief analysis of this singularity is given in Appendix C. 
We only point to the fact that an origin of this singularity is the assumption of linearity 
of a hard parton trajectory used by us during all this work. Note that an expression sim- 
ilar to (17. ip exists in purely gluonic case [6]. Here, instead of the HTL-resummed quark 
propagators and vertex *T'^^'> we have correspondingly the gluon propagators and triple 
gluon vertex *r3g. However, this expression within the framework of HTL-approximation 
vanishes by virtue of color factor: /"'^'^Q^Qq = 0. 

Another nontrivial example of this kind arises in calculating the derivative of relation 
(I3.15P with respect to the usual Qo and Grassmann 6q charges with the total source on 
the left-hand side 



5X[AV',V',Qo,^o](g) 
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Taking into account Eqs. fl5.14l) . (13.1 II) . fl4.1l) . and fl4.5l) we lead the right-hand side of the 
last equation to the following form: 




Figure 8: The one-loop corrections to the initial source T]g^\q) = g / {2tt)^ O^Xa^i'^ • o)- 
expression fl7.3l) also cannot be obtained by simply replacements f l7.2p and 

Af\k) - - ^ *V,,{k)v'^5{v ■ k) Ql 

from a sum of effective sources fl4.3p and (14.71) . For such a replacement a superfluous 
contribution with the HTL-induced vertex *r^'|^^(g — g'; g', —q) arises. 

Physically, more thoughtful examples arise in calculating higher order derivatives of 
relations (13.141) - (13.161) that contain at least one soft free field. We consider at first third 
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order derivative of relation fl3.14p with respect to the usual and Grassmann charges Qq, 
Oq and soft-quark field ip^^\ Somewhat cumbersome calculations result in 



5^J^^[A(^),^pio),^io),Q„eleo]{k) 



(7.4) 



(2vr) 



Xp'*Sp>p{k-k'-q)SrfJ;^'\k,-k';-k + k' + q,-q) *V'"''{k')vM{v k')dk' 



rA'^K^^iyM k, -q + k'yV'^'Xq - k')KfXiy,x\ - k' + q, -q) 5{v ■ k')dk' 



a±h\ij 



Kf:l{y. X\ k, -k - q'rSp,p{k + q')KfJ{x. x\ k + q\ -q) 5{v ■ q')dq' 



+ 



^/l XOL 



{v''*V^^,{k')v''')6{vk')dk' 



V ■ q){v ■ k) 

Ki9^"{^, X\q-k-q',-q + k) *V,,\-q + k + q'^' 



^ {v.q){v.{k-q)) 

Diagrammatic interpretation of the different terms on the right-hand side of this expres- 
sion is presented in Fig.[9l The dots here are referred to graphs describing interaction 
with hard gluon in initial state. The example of a graph of that kind is presented in the 
first line in parentheses. 



"^/l XoL 



'Si3'/3{k - q) *T^^l^{k; q - k, -q) 



Xp *Spp\-q')xp^ ■ q')dq' 6{v ■ {k - q)). 



Just one more interesting example arises in differentiating equality (13.141) with respect 
to the Grassmann charges Oq, Oq and free soft-gluon field A^^\ The explicit form of 
derivative S%[A,^,^,Qo,9l9o]ik)/S9l' 59i5A'-^^'''f''{ki)\o is given in Appendix D. The 
effective current defined by this derivative generates the soft one-loop corrections to the 
nonlinear Landau damping process studied early in [151 IB]- The diagrams with soft-quark 
loop (Fig.[ll]) in Appendix D should be added to those of Fig. 4 in Ref. [6], which include 
soft-gluon loop. 



Now we consider differentiation of relation (13.151) . The calculation of third order 
derivative with respect to 9q, 9q and leads to the following expression 



69l'' 59i6iljZ"\q 



(0)n 



S9l'^ 5^^54f^(gi) 



(7.5) 
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+ 



+ {ef{ty'' T(£);(g - q,- q,, -q) *V^,,{q - q,) 
j^^^\\x*S{q')x\ - {rS{-q)x\) 

X*S(-g')T(^)^'(g-gi;g',-g + gi-g')*5(g-gi + g')xlV(t;-g')rfg'U(t;-(g-gi)). 



Diagrammatic interpretation of the different terms on the right-hand side of this expres- 
sion is presented in Fig.[Tni These graphs must be supplemented with graphs describing 
interaction with the hard test antiquark Q. However, soft-loop corrections (17. 5p do not 
exhaust all corrections to the elastic scattering process of soft-quark excitation off hard 
parton drawn on Figs.[I] and El The remaining corrections are determined by variation 
of relation fl3.15p with respect to usual color charges Qg, Q\ and free soft-quark field 
^(0). ^3^i^|-^^^^^^Q^^^^j(^q,-)^^Qa^Qb^^(o)ii(^q,_^-)|^^ rjj^g exphcit form and diagrammatic 

interpretation of the variation are given in Appendix E. 



In conclusion of this section we note run ahead that in our next paper [12] we point to 
another independent way of deriving the effective currents and sources of (17. ip . (I7.3p type 
(and also the other more complicated expressions obtained in this section) based on the 
expressions for the effective currents and sources generating soft-quark bremsstrahlung in 
the tree approximation. As known for production of bremsstrahlung it is necessary that 
at least two hard color-charged particles have been involved in the interaction process. 
The essence of this approach reduces to a simple identifying in a final expression for the 
effective currents and sources (generating bremsstrahlung) of these two hard particles. 
Under this identification soft-quark and soft-gluon propagators describing the interaction 
process of two particles among themselves are effectively closed into loops (with soft 
virtual momentum) attached to straight line of hard parton. From the geometric point of 
view it can be presented as the imposition of the straight line of the first hard parton on 
the straight line of the second hard parton. Note that there exist two ways for deriving 
soft-quark loop resulting in different directions of circuit of the fermion loop. Fig. [TT] gives 
graphic interpretation of the procedure described above. 

It should be particularly emphasized that these loop corrections are not quantum ones. 
The notion of loops in our consideration has somewhat conventional character. By this 
we simply mean the effect of self-interaction of color classical partons induced by the 
surrounding medium in which they move and with which they interact. This process of 
interaction with medium is more evidently seen from Fig. [HI where on the right-hand side 
hard test parton 1 radiates virtual oscillation absorbed by hard thermal particle 2 and on 
the left-hand side the same virtual oscillation is radiated and absorbed by the same hard 
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G G G G 

Figure 10: One-loop corrections to the scattering process generated by the effective source (14. 3p 
with coefficient function (I5.15P (Figs.[I]and[3]). 
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Figure 11: Graphic illustration of examples for obtaining the effective currents and sources of 
the present work including soft one-loop corrections from the effective currents and sources for 
the processes of soft gluon and soft quark bremsstrahlung |12] . 
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test parton. The coefficient functions fl7.1l) . fl7.3l) . (17.41) so on and the effective currents 
(sources) connected with them can be interpretated as "dressing" initial bare current 
(source) of the test color particle generated by interaction of this current (sources) with 
hot bath. 



8 Scattering probabilities 

Making use of the explicit form for the effective currents and source obtained in previous 
sections, one can define scattering probabilities of soft quark and soft gluon excitations off 
hard test particle. For this purpose according to the Tsytovich correspondence principle 
[HI [9] it is necessary to substitute the effective current j^[A^^\'^^^\^^°\Qo,el,eo]{k) and 
effective source fil^[A^^\ ip^'^\ ip^^\ Qo, 6o]{q) into expressions (1.8.1) and (1.8.2) correspond- 
ingly and define the emitted radiant power of soft plasma excitations. However, it needs 
to be preliminary carried out a little generalization of expressions (1.8.1), (1.8.2) taking 
into account a specific of the problem under consideration. 

At ffist we perform an averaging of the right-hand sides of Ens. (1.8.1), (1.8.2) over 
initial value of the usual color charge Qq by adding an integratioro over the colors with 
measure 

dQo=YldQ^oSiQ^oQo-CP), dA = Nl-l, C = G,Q,Q 

a=l 

with the second Casimir C^f^^ = Ca (= N^) for hard gluons and correspondingly (^^'^.Q) _ 
Cf (= {N^ — l)/2A^c) for hard (anti)quarks normalized such that ^dQo = 1, and thus 

JdQoQM = ^S^''- (8.1) 

Besides, an averaging over distributions of hard particles in thermal equilibrium should 
be added. This statistic factor in a certain way depends on power of Grassmann color 
charges in expansions of the effective current and source in powers of soft free fields and 
initial value of color charges. If the term in the expansion contains 'not compensated' 
Grassmann charge Oq (or 9q), then it is necessary to introduce an averaging over hard 
particle distributions in the following form: 

7 (27r)3 L^P ^^PJ \ 7 (27r)3 L^P ^^Pjy 

^As it will be shown below there is no necessity to enter an averaging over initial values of the 
Grassmann charges Oq^ and 9q. These charges will always appear in final expressions in the form of 
combination 0q9q = Ce ^ const. 
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Otherwise, when every charge is compensated by $1, it is necessary to use an average 
in the form 



E 

C=Q,0,G 



{2n) 



3 •'P 



In the former case the effective currents and sources generate the scattering processes, 
which change the type of the hard test parton and correspondingly in the latter case the 
type of the hard test parton is not varying. This feature was discussed in Section 2 after 
Eq. fl2.5p . In the remainder of the paper we restrict our consideration only to linear terms 
in expansion of the effective current and source, i.e., we set 



U^J^'jT^(v,x|fc)l, (8.2) 



vLi^, X; Qo, ^^ol q) ^ e(v, X\ q)Ql + €^ (v, x\ q)Ol 

In the notations j^'^iy, x,Qf),Oo\k), f/^(v, x, Qo, 6*0! ^z), • • • we take into account that for 
the globally equilibrium system the effective currents and sources depend on hard mo- 
mentum p through velocity v = p/|p| and also spin state of hard partoE0 described by 
X- Dependence on soft fields is implicitly implied. 

Taking into account above-mentioned we use the following expressions for emitted 
powers Ib and Tjr instead of (1.8.1), (1.8.2): 

{2nY 



1, 



TT lim 

T— >00 



r 



IpNIpI 

27r2 



cifc A;"sign(fc") (8.3) 



x[Q'"'\k)[(jr'('^^x\ fc)jT"(^'^l ^)>+(jT"'(v,xI -fc)j7'^^'(v,x| ~k))]5iRe*A-'\k)) 



+ P^^\k) (jf '^^■(v,x| fc)jr'(v,x| A:))+(jy'^^(v,x| -A:)jr^'(v,x| -k)) 5{Re*A-'\k)) 



(2vr)^ 
-vr lim 



E 

X=Q,Q,G 



27r2 



MjdQ.QlQtj 



xjdkk%ign{k') I^Q^^'ik) (j;*'^'(v,x| ^)i^''(v,x| k))6{Re*A-''{k)) 



+ P''\k) (jf^'iyM k)3r'iy.x\ k))5{Re*A~'\k)) 



and correspondingly 
1t-- 



r (2^) 
TT lim 

J- 



\p\'d\p\ 
27r2 



dflv 
Att 



^Strictly speaking the effective currents and sources are also implicitly dependent on energy E of hard 
test particle through spinor x (see Eq. (C.2)). It is this dependence that is meant in notation of the 
scattering probabilities as functions of hard momentum p in Eqs. ()2.4p and ()2.5p . 
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X 



x|rfgg°sign(g°)|(/^+(q))„,,(C(v,xl - qW' {^r,x\ q)) 6{Re*A-^\q)) 
+ (/^-(q))««' (C(v, X\ - 9)C^'(v, xl q)) 5{Re *Az\q))] 



/(igg°sign(g°)|(/.+ (q))„,,(C(v,xl - q)fj^r {^r,x\q)) 6{Re*A-^\q)) 

+ (/^-(q))a«' (C(v,xl - g)r/:r(v,x| g))5(Re*A-„i(g))}. 

In Eq. f l8.3p we keep only a contribution from the current including soft-quark fields 
and the Grassmann color charges. The contribution from the current j^'* was considered 
in Ref. [6]. Besides, unlike (1.8.1) and (1.8.2) we remove an integration over volume of the 
system, since in the definition of phase-space measures (12. 6p the momentum conservation 
laws are explicitly considered. According to the corresponding principle for determining 
the scattering probabilities iy^{ig^(p| q; k), tfq^^/''^^-'(p| q; qi) etc. the expression obtained 
from (18.41) should be compared with expression determining a change of energy of soft 
fermionic plasma excitations generated by the spontaneous processes of soft-quark and 
soft-gluon emission only 



dt ; f^^ dt [J (27r)3 ' J {2tt] 



f = ± b=t,i 



{w^/^'iipl q; k) + w^ip\ q; k)}iV, 



k 



In deriving the right-hand side we have taken into account an equality of integration 
measures for the processes with participation of soft-quark and soft-antiquark modes 

and also the fact that in conditions of global equilibrium and zero quark chemical potential 
an equality = takes place. What is more the kinetic equation (12.11) with collision 
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term in the limit of a small intensity n[^^ — > (Eq. (12.91) ) was used. The dots designates 
contributions of higher order scattering processes. 

With all required formulas at hand now one can define the simplest scattering proba- 
bilities w^^ig-*, w^^^/'-^^-* etc. To be specific, we consider the scattering processes with par- 
ticipation of normal soft-quark and transverse soft-gluon modes, i.e., we set / = /i = + 
and b = t. As the first step we single out on the right-hand side of fl8.4p the contribution 
of normal mode of soft fermion excitations. For this purpose we set 

S{Re*A-^\q)) = Z^{q)6{q'-uj^)+Z^{q)6{q' + uj^) (8.6) 

and expand the spinor projectors h±{q) in terms of simultaneous eigenspinors of chirality 
and helicity 

(/l+(q))aa' = Ma(q, A)Ua'(q, A), (/l-(q))aa' = Va{q, X)Va' {q, X) ■ (8.7) 

A=± A=± 



Substituting (18. 6p . (18.71) into (18. 4p and integrating with respect to dqQ, we define 



contribution from the normal soft-quark modes to the emitted power 



TjF = — TT lim 



{2nr f f\p\'d\p\ 



T — ^OO J- 



27r2 



fS + fp]]idodo) fdQo 



X 



A = ± 



E z+(q) (v, x\ - q)ua{q, X)){ua'{q, X)Va' (v, x\ 9)))^o 

+ ((^a (V, X\ - q)Va{^, X)){Va'{q, X)Va'\^, X\ ?))) n 



q"=uj„ 



q" = -uj„ 



X 

A = ± 



Y fdquJ+Z+{q)U{fj'J'{^r,x\ - g)^ia(q, A))(M„'(q, A)r/^f (v, x| g))) 

+ - q)va{qA)){va'{qAWj{^,x\(i)))^o=_^+\- 

The first contribution on the right-hand side of the last equation enables us to define 
the scattering probabilities w^jl;g'*(p| q; k) and 'W^ig^(p| q; k). Let us perform the following 
replacements 

CAv,x| q) - r/i|)^^'(A(°))(g), /^^(v,^! - g) - C^^^(A*(°))(-g), 
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where the effective sources //qI''*"' , Va^^'' defined by Eqs. (14. 71) . (14. 6p and fl4.8p . (14.91) . 
In this case the contribution under discussion to the emitted power (18. 8p will be equal 



1 4,. 1 

— g lim — 

271 T-^oo r 



|p|2rf|p| 



27r2 



4tt 



X J2 /^q 



1^^ 



'Z+(q) 



i^P'Xv, X\ k, -g)«„(q, A)) {K^f^'i^r, x\ k' , -q)u^>{ii, A) 

+ 



.9) 



x6{v{q-k))6{v{q-k')) 

(i?P^(v, x\ k, -q)Va{q, A)) (i^i?^'^'(v, x\ k\ -q)vA^, A)) 5{v{q-k))5{viq~k')) 

x{Af^\k)A^'^''{k')) dkdk'. 



The integral in dQ is equal to unit by virtue of the normalization. The correlation 
function of random soft-gluon field in conditions of stationary and homogeneous state of 
the quark-gluon plasma can be written in the form 



Af)\k)A^^)'>\k'))c^6''%,ik)S{k-k'), 



(8.10) 



where in the spectral density Ifj.^i{k) we keep only 'transverse' part: Pfj,^i{k)I{. In the 
frame, where = (1, 0, 0, 0) the transverse projector P^^i{k) reduces to three-dimensional 
transverse projector P**'(k), k = k/|k|. For the transverse mode we introduce polarization 
vectors e*(k, ,^), ^ = 1,2 possessing the properties 



k -6(^,0 = 0, e*(k,0-e(k,0 = 5. 



The three-dimensional transverse projector is associated with the polarization vectors by 
relation 

P"'(k) = (5-' - U¥) = ^ e"(k,Oe^'(k,0. 



5=1,2 



In what follows we take the spectral function II in the form of the quasiparticle approxima- 
tion. Turning into the number density of transverse soft gluons A^^ (= — (27r)^ 207^2^^ (k)/^), 
we finally obtain a substitution rule for the spectral density I^^/{k): 



'Zt(k)' 



{2n 



|3 \^ 2uji 



NiS{k'-uji)+Nt^6ik' + uji) 



(8.11) 



5=1,2 

To take into account weak non-homogeneity and slow evolution of the medium in time, 
it is sufficient to replace (within the accuracy accepted) the equilibrium number density 
A^^ by off-equilibrium one in the Wigner form slowly depending on x = (t, x). 
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For the 'color' factor with the Grassmann charges considering 6^^' in flS.lOl) . we have 



The exact value (more precisely, the values) of the constant Cg will be defined in the next 
section. Here we only need to know that Ce < 0. Substituting flS.lOp . (18.111) into Eq. (18.91) . 
performing integration with respect to dk' and dk^, and making use of the relation 

[5{v{k-q))f = ^5{v{k-q)), 
we finally obtain an expression for the desired emitted power instead of (18.91) 



IpI^^IpI \ fQ , fG^\ fd^^ f dq dk , VZ+(q) \ /Zt(k) ^ 



Att J (27r)3 {2tt 



2ui 



X 



Y: |[e"(k,Oi^P(v,x| k, -g)«„(q, A)] [u^iq, X)Ki^^'' {^r,x\ K -q)e'{KO 

A = ± 5 = 1,2 



(8.12) 



+ 



e*^(-k, O^P(v, X\ ~k, q)v^{-q, A)J[ t;«,(-q, A)ir^^^ (v, x\ -k, g)e*'(-k, 

X27r5(cu+-cu^-v(q-k)). 



on— shell 



In deriving this equation we have omitted the contribution containing the delta-function 
5(co'q + cu^ — V ■ (q + k)). It defines the processes of simultaneous emission (absorption) of 
soft-quark and soft-gluon excitations by hard particle. For the second term in braces we 
have made replacements of variables: q — q, k — ^ — k (tUq u^, 00^. c<j^). Now we 
introduce the following matrix elements for soft-quark -hard-particle and soft-antiquark - 
hard-particle 'inelastic' scattering, respectively 



A^(+,t)/ I ,N_ 2 |n1/2 /Z+(q)y''^/Zt(k)\ 
M\i: '{^r,x\q;k) = g {CF\Ce\) ' ( ) I "2^^ ) 

"n,(q,A)irP(v,x|A;, -g)e^(k,0 



1/2 



(8.13) 



on— shell , 



M[Y\^r,x\q■,k)^g^Cp\Cg\) 



1/2 



'z+(q) 



V2, 



z.(k) \ 



1/2 



X 



-q,A)irP(v,x| -k,q)e\-k,0 



.14) 



on~shell 

Confronting expression obtained (18.121) with the corresponding terms in (18. 5p . one iden- 



tifies the desired probabilities w^tig and 



w 



w 



p|q;k)= E E |-MS*H^'Xlq;k) 



A = ± 5 = 1,2 
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(8.15) 



w 



^.-.g(p|q;k)= E E |Mt ^(v,x|q;k) . 

A = ± C = l,2 

The probabilities of the scattering processes with (anti)plasmino and plasmon are obtained 
from (I8.13P - (18.151) with the help of corresponding replacements such as 



'Z+(q) 



vV2 



Ua{q, A) 



2ui J 



.1/2 

1 Va{(l,X), 



(8.16) 



etc. and proper choice of mass-shell conditions on the right-hand side of Eqs. (18.131) . 

(EH- 

Now we turn to deriving the probabilities for the elastic scattering of soft-quark and 
soft-antiquark modes off the hard test particle. As in the previous case we restrict our 
consideration only to the normal quark excitations. In the second term on the right-hand 
side of (18. 8p we perform the following replacements: 

where the effective sources fj^^^^ ^ v!^^^^ are defined by Eqs. (I5.16p . (I5.17P and (14. Sp . (I5.15P 
correspondingly. As a result of this kind replacement the second term on the right-hand 
side of Eq. (18. 8p is written in the following form: 



1 4,. 1 

— g hm — 

2ti -^^t^ T 



E 



27r2 



M{th''f'[dQoQM 



(8.17) 



X E dquj+ 
x = ±-' 



'z+(q) 



Xl q, -gi)Ma(q, A)) (M/3(q, X)KfJ{x, x\ Q, -Qi. 

+ 



y< 5{v ■ {q - qi))5{y ■ {q - q[)) 
(i?iS(x, Xl -qiW{(\, A))(t;^(q, \)Kf/ {x. x\ -q[ ))5{viq-q{))5{viq-q[)) 

x(vi°^^(-gi)V^r'(9i')> dq,dq[. 



Under the conditions of stationary and homogeneous state of QGP the correlation function 
for random soft-quark field can be presented as 
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where in the spectral density Tf^/a'iQi) we keep only the normal quark part in the form 
of the quasiparticle approximation 

^Mii) - ^(^^) Ej«/3Kq^A0^.Kq^A0<,%r-<,) (8.19) 

+ vpiqi \i)v^ici[, Ai) (1 - n\,) + ^+ ) . 

Within the accepted accuracy we also can replace the equilibrium number densities 
^q' ' ^-q' off-equilibrium ones slowly depending on x. 

Furthermore, making use of the formula for color averaging (18.11) . triviality in a color 
space of the correlation function (Eq. (I8.18P ). and the equality tr(t"t") = (IaTf-i where 
Tp is index of the fundamental representation, we find that the color factor in (I8.17P 
equals TfC2'\ C = Qi G. Taking into account the above-mentioned and performing 
integration with respect to dq[dq^, we define final expression for the desired emitted power 
instead of (I8l7ll 




In deriving this expression we have dropped the contribution containing delta-function 
^(cijq +c<jq^ —V - (q + qi)) and for the second term in braces we have made the replacement 
of integration variables: q — q and qi — qi- We introduce the following matrix ele- 
ments for soft-quark -hard-particle and soft-antiquark- hard-particle 'elastic' scatterings, 
respectively 




(8.21) 
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Comparing the expression obtained (18.201) with the corresponding terms in fl8.5l) . we 
identify the desired probabihties 

2 



Sa^'+Hp|q;qi)= E E |Mif'^Hx,x|q;qi; 



8.22 



A = ± Ai=± 

2 



4'i^^'^^(p|q;qi)= E E |Mif'^^(x,x|q;qi 



A = ± Ai = ± 

.(On 



These probabihties depend on type of the hard test particle (through the Casimirs C2 ) on 
which the scattering of soft-quark modes takes place. The probabilities of the scattering 
processes with participation of plasmino and antiplasmino can be derived from (18.221) . 
(I8.2ip with the help of the corresponding replacements of the quark wave functions and 
mass-shell conditions. 

We demand that scattering probabilities (I8.22p satisfy balance relations (12.71) for the 
direct and reverse scattering processes. A straightforward calculation shows that these 
relations take place only under fulfilment of the following conditions: 



a = a, 



T(Q)A'(g - q^- -g, q^) = *T^Q)>^(q - q,- q,^ -q). 



The first condition implies that the constant a in definition of additional source (I5.14p 
is real. The second condition holds only when the linear Landau damping of soft-quark 
on-shell excitations is absent in the medium. 



9 Structure of scattering probability w^JX^^. Determi- 
nation of constant 0$ 

In this section we consider in more details a structure of the scattering probability 
yX^J{y', q, k) obtained in the previous section and define also an explicit value of the 



w 



constant Ce {= Oq'Oq). Here we make use some results of our early work [2]. For the 
sake of convenience of further references all required formulae from this work are given in 
Appendix F. 

First of all we recall that in the paper [2] the scattering probability of plasmino off 
hard parton with transition to plasmon w^Zlg{'v \ q; k) was defined in a different way by a 
direct calculation of the following expression: 



-k2=k, qi=q ' 



where 'Sp' denotes the Dirac trace and u^{k) is the longitudinal projector in the covariant 
gauge (Eq. (C.6)). The effective amplitude was defined in Paper I (Eq. (1.4.9)). 
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The amplitude determines the elastic scattering process of soft-quark excitation on soft- 
gluon excitation without momentum-energy exchange with hard thermal partons. Within 
the framework of the approach p] for description of the scattering process under consid- 
eration there was no necessity to introduce the Grassmann color charges ^J* 
hard parton (and consequently, the constant Cg). Comparing, for example, the kinetic 
equations for the plasmino number density obtained in these two approaches, one can 
define unknown constant Cg. However, preliminary we recast the scattering probability 
wiglig ill the form suggested in Ref. This makes it possible in particular correctness of 
unusual at first sight structure of the scattering kernel Q{q, k) given by Eqs. (F.9) - (F.ll) 
to be independently proved. 

At the beginning we write out an explicit form of the matrix elements defining the 
scattering processes of plasmino and antiplasmino off hard parton with the subsequent 
transition in plasmon. For this purpose we perform replacements f l8.16p in Eqs. (18.131) . 
(I8.14P and relevant replacements of the mass-shell conditions. Here it is more convenient 
to use the temporal gauge. This means that in last replacement in Eq. (I8.16P instead of 
the projector u^{k) it is necessary to use the projector u^{k) = k'^{u^{k ■ u) — k^)/{k ■ u). 
In the rest system = (1, 0, 0, 0), we get 

A.-'',v,,|<,;.,..= (CHa|,-(543^V'Y?iWy'Y^V" (9.1) 



X 



(q,A) (irP(v,x|fc, -q)k 



,(-,0/,. N _ „2/^ 1^ ,^l/2 /Z_(q)^ f Zi{k) 



on— shell , 
1/2/v n,N\l/2/ ,2 \l/2 



A.r"(v,x|q;k).r(CHa|)-^^J (9.2) 

i„(-q,A) (/fP(v,xl -k,<,){-k')] 



on— shell . 

Let US consider at first matrix element (19. ip . Making use of the definition of the coefficient 
function Kj^^^, Eq. (14.60 . we write out the function Va{ci, \){Kj^^^k'^) in an explicit form 
(for the sake of brevity we suppress spinor indices) 

{v{q, X)x) - v{q, A) [ T(«)^(A:; q - k, -q)k^ ] *S{q - k)x = {v{q, \)x) (9-3) 



+ v{q, A) h_(\){*rlk') + h+(\){*ri_k')-2h_{q) l'|q|(T2F) h+(\) *A+(/) + /i_(i) *A_(/) 



where I = q — k. On the right-hand side of the last equation we have used expansion 
(F.3) for the vertex *r*^*5)*, the properties (F.2), and the representation of the soft-quark 
propagator *S{1) in the form of an expansion in terms of the spinor projectors h±{q). Now 
we multiply together two expressions in square brackets taking into account the property 
of nilpotency h±{\)h±{\) = and the fact that the wave function ^(q. A) satisfies the 
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equation f (q, A)/i_(q) = 0. As a result we obtain the second term on the right-hand side 
of Eq. fl9.3l) in more simple and symmetric form: 

viq,x)h4\)h+i\)x] crik')*A4i) + [vici,x)h4\)h4\)x] crik')*A4i). 

Let us emphasize that the simplification is a direct consequence of a choice of the expansion 
(F.3) for convolution *r'^'^^*fc\ The first term on the right-hand side of Eq. (19. 3 p can be 
also written down in a symmetric form with respect to the matrixes h±{\) if we use an 
identity 

1 = + (9.4) 

Furthermore, we collect similar terms and square of the absolute value of the expression 
(19.31) . Summing over polarization states of soft-quark excitations, we obtain an initial 
expression for the subsequent analysis 

Y: I viq, \)h4l)h^(i)x\ I M^^^'\q, k)| '+ y: I A)/.+(i)/._(i)x| | M^-^'^q, k) 

+ 2 5: Re{[t;(q,A)/i4i)/i+(i)x][t;(q,A)/i+(i)/i4i)x]*A<V-''^(q,k)^l(-'')(q,k)^ (9.5) 



A = ± 



where 



M 



{-,0, 



q,k) 



vk 

V ■ q 



*A^il)(*r^{k;l,-q)k'). 



(9.6) 



Let us define an explicit form of coefficients of the scalar amplitudes Ai^^'''\q^,k.). 
At first we consider the coefficient of |A1^''^(q, k)p. Taking into account identity (19. 4p 
and definition of density matrix for a fully unpolarized state of the hard test (anti) quark 
(Eq. (C.2)), we have the following chain of equalities: 



^|t;(q,A)/i_(i)/i+(i)x| 

A = ± 



1 



-xh.(i)h+m_{q)h4\)h+(\)x + xh-m~(})h+m 



-— {sp[/i_(i)/i+(i)/i_(q)/i_(i)/..+(i)f?(v)] -sp[/._(q)/i_(i)/i+(i)£)(v)]} (9.7) 



1 

'2E 



^(v(ix (qxi))-^p+(v;q,i) 



where the function p4.(v;q, 1) is defined by Eq. (F.IO). The coefficient of ''""(q, k)p 
in (19. 5p is defined from the coefficient above by formal replacement 1 — > —1. This reduces 
to a simple replacement p+ — > p_ on the rightmost expression in Eq. (19. 7p . Finally, it is 
not difficult to see that calculation of the coefficient in the interference term of Eq. (19. 5 p 
is reduced to calculation of the first trace on the second line of Eq. (19. 7p and therefore it 
is equal to 

-l(v(ix(qxi))(^-la(v;q,i)). 
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Taking into account the above-mentioned and collecting similar terms at the function 
a(v; q, 1), we define instead of (19.51) 



1 

2E 



P+(v;q,i) 



M 



(-,0, 



q,k) 



p_(v;q,l) ^L-'')(q,k) 



(9J 



(T(v;q,i) 



M 



q,k)-A^^'Hq,k) 



A structure of this expression differs from a structure of the integrand of the scattering 
kernel (F.9) only by the last term with the coefficient (T(v;q, 1). However, this term 
vanishes (see below) when we average over the directions of the velocity v of the hard test 
parton. Thus we have proved by another way a correctness of a structure of the scattering 
kernel Q(q, k) obtained in [2] by a direct calculation of the imaginary part of the effective 
amplitude for the plasmino-plasmon elastic scattering. 

Now we turn our attention to matrix element (19.21) defining the scattering process with 
participation of antiplasmino. By using a property of the coefficient function K^^^^: 

i^(Q)/^(v,x| -A;,g)=7°[i?(^)'^(v,x| -k,q) 

and definition of the (Dirac) conjugate coefficient function K^'^^^, Eq. (14. 9p . we find that 
the modulus squared of expression in braces in matrix element (19. 2p can be written in the 
following form: 



(vk) 



V ■ q 



{Xu{-q, A)) - X *S{q - fc)[T(«)^(fc; q - k, -g)fc>(-q. A) 



The advantage of this representation consists in the fact that both the propagator and 
vertex here have the same signs at momenta as on the left-hand side of Eq. fl9.3p . This 
enables us at once to perform calculations fully similar to previous ones and show that 
finally we lead to the same expression (19. 8p . Thus the scattering probabilities of plasmino 
and antiplasmino off the hard test particle are equal among themselves when the hard 
test particle is in fully unpolarized state, i.e.. 



w 



p|q; k) 



unpol. 



W 



(-;0, 



p|q; k) 



unpol. 



(9.9) 



It is evident that this conclusion is valid and for the scattering processes with participation 
of soft normal quark and soft transverse gluon modes. 

Let us consider now a question of determining the constant Cg. For this purpose we 
rewrite kinetic equation fl2.ip for / = — in the following form: 



dt 
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The first and second terms on the right-hand side define the spontaneous and induced 
scattering processes correspondingly. Here we are interested in the second term. This 
term is precisely one, which necessary for comparing with the right-hand side of the 
kinetic equation (F.7). Within the framework of approximations listed at the end of 
Section 2 this term equals 

/? + f^] J^J dT}-f «;H0(,| q; k)iVU . . . I , (9.10) 

where the dots denote the contributions of higher order in the coupling and the contribu- 
tion containing soft gluon transverse mode. We have somewhat redefined the scattering 
probability, having explicitly separated dependence on ii^ = |p|, setting by definition 

w[-_:^^{p\ q; k) = ^ w^gZ!}M q; k). 

For the global equilibrium plasma statistical factor is equal to 

/|pMlplr.Q I fc] 

J 4vr2 L^P ^^pJ 8 ■ 

Furthermore, the scattering probability w^Zig up to kinematic factors equals expression 
obtained (19. 8p . From the definitions of the scalar amplitudes Ai^^'''\q^,\i.) it follows that 
the difference ''^(q, k) — ''^(q, k) is independent of the velocity v of hard parton. 
Therefore substituting (19.81) into (19.101) and considering definition of the measure of inte- 
gration ^dT^Zj'^^ (Eq. (12. 6p with approximation (12.81) ) we find that the last term in (19. 8p 
gives contribution proportional to the integral 

|^(v(ix(qxi))5(c., -a;(,-v.(q-k)) ~ (1 ■ (1 x (q x 1)) = 0. 

Considering the above-mentioned and comparing the term written out explicitly in (I9.10p 
with the term on the right-hand side of the kinetic equation (F.7), we find that 

Co = — Cp. 



From the other hand we have kinetic equation (F.8) determining a change of the 
plasmon number density iV^. It contains on the right-hand side the same scattering 
kernel Q(q, k) as the first equation (F.7) with different common color multiplier. For 
determining a connection of this equation with kinetic equation (12. 2p . we write the last 
one for 6 = Z rearranging the terms on the right-hand side: 
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Here we are also interested only in the last term since it is necessary for comparing with 
the right-hand side of kinetic equation (F.8). Within the framework of the approximation 
used for Eq. (19.101) this term is equal to 




where 



dq 



dTS' 



(9.11) 



v-(k-q)). 



As the scattering probability ^^^^^(vl k; q) here we mean the same expression 
Carrying out reasonings completely similar previous ones and comparing the term written 
out in (19.111) with the term on the right-hand side of Eq. (F.8), we find in this case 

Cg = -UfTp. 

Thus we have a simple rule: the constant Cg entering into definition of various probabilities 
in soft-quark decay and regenerating rates (12.41) . (12. 5p should be considered equal to {—Cp), 
and in the probabilities of the soft-gluon decay and regenerating rates in kinetic equation 
(12.21) it should be set equal to {—UfTp). The last case is rather obvious since the factor Uf 
takes into account the number of possible with respect to flavour channels of interaction 
of the soft-gluon excitations with soft-quark ones. 

One can somewhat extend the previous results if we consider the scattering of soft- 
quark excitations off hard particle taking place in a partial polarization state. In this case 
instead of polarization matrix (C.2) we should use more general expression 



Q = f?(v, C ) = - (t^ ■ 7) [ 1 + 7'(± Cll + d ■ 7±) 



(9.12) 



where 7^ = — i7°7-'^7^7^. The sign (+) concerns to quark and the sign (— ) belongs to 
antiquark. The vector is a double average value of a spin vector in the frame of rest 
of the test particle. is the vector component parallel to (for C\\ > 0) or antiparallel 
(for C|| < 0) to the momentum of particle; (± = C — v (v ■ C). Now we return to the 
problem of calculation of the coefficients in Eq. (19.51) . The simple calculations show that 
basic expression (19.81) remains invariable here, additional interference term only appears 



T Cll^^ Im{A^V-''^(q,k)A<*J-'')(q,k)}. 



(9.13) 



The expression obtained (19.131) suggests that if the hard test particle is in a partial polar- 
ization state, then the scattering probability of plasmino off hard gluon with transforma- 
tion to plasmon and hard quark (the process qG gQ) in general case is not equal to the 
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scattering probability of annihilation of plasmino with hard antiquark into plasmon and 
hard gluon (the process qQ — *• gG). Nevertheless, it is easy to see taking into account a 
definition of the functions M.'±'^'^ in integrating expression fl9.13p over 

'da 



/^5K--4-v-(q-k)), 



this additional contribution vanishes. For this reason in the semiclassical approximation 
in definition of generalized decay and regenerating rates (12.41) . (12. 5p we did not make 
distinction between the scattering processes such as mentioned above and thus we have 
collected the statistical factors /^(l — Z^) and /^(l + together. 

If we consider the scattering process with participation of antiplasmino (g), then we 
result in the fact that the scattering probability w^4g will be proportional not to a sum 
of two expressions (19. 8p and (19.130 but to their difference. Therefore instead of equality 
(19. 9p we have more nontrivial statements 



w^gQ^gG(v|q;k) = 4Q'i^gG(v|q;k), 



«^W^gQ(v|q;k) = ti;y^gQ(v|q;k). 



10 Energy losses of energetic parton 

In this section we give general formulae defining energy losses of high-energy parton (quark 
or gluon) traversing the hot QCD medium induced by scattering off soft-quark excitations. 
These formulae supplement expression for energy loss generated by the effective current 
iQlj[A^^^]{k) (Eq. (7.5) in Ref. [B]) and thus enables us to obtain complete (within a frame- 
work of semiclassical approximation) expressions for the energy losses of the energetic 
parton. 



As a basic formula for parton energy losses per unit length generated by the effective 
current j*'*(v, x; Qq,6q \ k) and effective source fj^^iy, x\ Qo? 6'o| (l) we accept the following 
expression 
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^ lim y [dQof g°c/g°rfq (10.2) 

V ^^oo r , , J J 



and 

\ dx I . I , 

X {lm(*A+(g)) (I u{ci, A)r^^(v, x; Qo, ^o| q)\') + ImfA^g)) (| t;(q, A)7^^(v, x; Qo, ^o| g)| 

The right-hand side of Eq. fllO.ip has been written in the temporal gauge. 

First of all we write the expression for the energy loss associated with the initial 
Grassmann color source Ve'l^q) = g / {27^)^9 ^Xa^i'^ ■ q)- Substituting this source into 
Eq. fll0.2p and taking into account 

I ^(q' ^ = ^ [ = ^ (1 - V ■ q) , 

A = lb 

E I ^(q- ' = ^ Sp [h_{ii)e{^)] = ^ (1 + V ■ q) , 

A = i 

we obtain the energy loss to a zeroth-order in the soft fields 
/ c/EW\ 1 I (Cea 



\ dx )^ 2E |v| V 277 
1 1 fCea ' 



J g°c/g°c/qIm[Sp(^(v) *S{q))]S{v ■ q) (10.3) 



2E |v| \ 27r2 ,/Wc?q{(l-v-q)Im(*A+(g)) + (1 + v ■ q) Im(*A_(g))} 5(.; ■ g), 

where = (7^/47?. The equation fll0.3l) defines so-called the polarization losses of energetic 
parton related to large distance collisions. It supplements the known expression for the 
polarization losses [7] induced by the 'elastic' scattering off hard thermal particles through 
the exchange of soft virtual gluon. The graphic interpretation of 'inelastic' polarization 
losses f ll0.3p is presented in Fig.[T21 The energy losses fll0.3p decrease with the parton 
energy E as 1/E. Such suppression results in the fact that polarization losses f ll0.3p 
are negligible in comparison with usual ones [7] for asymptotically large parton energy. 
Nevertheless we can hope that contribution (110. 30 is important for intermediate values of 
E. 

The polarization losses give a leading contribution in the coupling constant, provided 
that the QGP is in thermal equilibrium. However, we can expect that for rather high 
level of mtensity of ptoma exctafoufi contributions to energy losses associated with the 
following terms in expansions of the effective current j*" and source f/^ become comparable 
with the polarization losses. Therefore these contributions to an overall balance of energy 
losses should be taken into account. Below we write out general expressions for the energy 
losses to the next-to-leading order. 



®The level of intensity of plasma excitations is defined by values of the soft-quark and soft-gluon 
occupation numbers. 
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Figure 12: The energy losses induced by the long-distance collision processes wherein a change 
of a type of the energetic parton takes place. The dotted lines denote thermal partons absorbing 
virtual soft-quark excitation. 

In present and forthcoming sections we restrict our consideration to the analysis of 
expression (I1U.2I) . The analysis of expression fllO.ll) will be given in Section 12. Let us 
take the effective sources fj^ and fj^ on the right-hand side of the last equation in 



up to the second order approximation in powers of the soft free fields A^^\ and 
€{^,x\q) ^ €^'\^^'^M+V^^^'\A^'\i^^'^M, (10.4) 

Here, in the first line the effective sources 'fi2^^''^{ip^^^), fi^^^''{A^^\iJj^^^) are defined by 
Eqs. (113]), flET^ and dHIHD, 0- The effective source fj^^'^'^ {A^^'^) in the second line is 
given by Eqs. fl4.7l) . fl4.6l) and higher order effective sources fj^'^'^^ fjj^^^^ {A'^^\ A'^^^) 

are defined by Eqs. (16. 6p . (16. 7p and (16.101) . (B.l), respectively. Substituting (110. 4p into 
(110. 2p . we find second in importance contribution after (110. 3p to expression for the energy 
losses of the energetic parton. We write down this expression as a sum of two different in 
structure (and physical meaning) parts: 

/ dEW\ 



dx 




\ / diag \ / nondiag 
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where 'diagonal' part equals 



(10.5) 



X 



|lm(*A+(g)) [ T+(gi, x) | u,,(q, Aj/^ig (x, x| g, -gi)«ai (Qi, Ai) | ^ 
+ T_(gi, I M„(q, A)ii'^*^J (x, xl -^O^ai (Qi, Ai) 
+ (*A+(g)^ *A_(g), x.(q, A) ^ ^(q, A)) | • (g - gi)) 



A=±' 



x{lm{*A4q))[l\k,x) Y: |«a(q,A)XP(v,x|A;,-g)eXk,Or 

5=1,2 

+ I%x) (^1) |^.(q,A)XP(v,x|^,-g)^r; 

+ (*A+(g)^ *A_(g), iZ(q,A)^^;(q,A))|<5(^;-(g-A;)), 
and in turn 'nondiagonal' part equals 



dx J 



-2 



nondiag 



A,Ai=± 



Im(*A+(g)) (10.6) 



; {T+(gi, x) Re[ (xM(q, A)) (M„(q, A)M„i(qi, Ai)ir^g^^'f(x, X, xl Q, Qi, -(li)ua2{^i, A 
+ T-(gi, x) Re[ (xii(q, A)) (wa(q, A)vai(qi, A^X^g^^'f (x, X, x\ Q, Qh -Qi)va2i^i, Ai))] } 
+ (*A+(g) ^ *A_(g), «(q,A) ^^;(q,A), «(q, A) ^ ^;(q, A 



6{v ■ q) 



+ 



{2n) 



lm(*A+(g)) 



X {7*(^, x) Re [ (xx.(q, A)) (fZ«(q, A)xig^'^'^'(v, v, xk ; -k, k) e«(k, Oe^'(k, O)] 

5=1,2 



+ /'(A;, x) ( ^ ) Re [ (x «(q, A)) (««(q, A);^^:?;.'^"'^'^' (v, v, xk ; -k, k) k^U')] } 



+ ( *A+(g) ^ *A_(g), ^(q, A) ^ i;(q, A), «(q, A) ^ t;(q, A 



6{v ■ q). 
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In deriving fllO.Sp . fll0.6l) we have used the following decompositions of the spectral den- 
sities on the right-hand side of Eqs. flS.lOp and fl8.19p 



T(g) = /i+(q)t+(g, x) + /i_(q)t_(g, x), 

I,Ak) = P,u{k)l\k,x) + Q,,{k)l'{k,x), 

where longitudinal projector Q^p{k) in the last equation is determined in the temporal 
gauge. The dependence on x takes into account weak non-homogeneity and slow evolution 
of the medium in time. 

The diagonal part fllO.51) is not vanishing both for the scattering of the high-energy 
parton off on-shell and off-shell soft-quark and soft-gluon excitations. In the first case 
by using the quasiparticle approximation for the spectral densities T-|-(gi,x), I^{k,x) and 
l\k,x) the integrand in (110. 5p can be expressed in terms of the scattering probabilities 
w^'li^^'-^i^(v| q, qi), w;^{;g^(v| q, k), etc. determined in Section 8. The nondiagonal part 
fll0.6p is different from zero only for the scattering processes by off-shell soft plasma 
excitations. In the following section we discuss this contribution in full measure. 



11 'Nondiagonal' contribution to energy losses 

At the beginning we consider the latter contribution in Eq. (110. 6p proportional to the 
gluon spectral densities J* and For this purpose we note first of all that taking into 
account color decomposition (1.5.19) for the HTL-induced vertex ^r^'^^"^"^, we can present 
the coefficient function (B.l) in the following form 

K'StT-'iy. V, x\ q; -kr, -k,) = \ {e\ Kj^Lai^, v, x\ q; -ku -k,) (11.1) 

+ l[t-,t-]^^-ir^)^,Jv,v,xk;-A:i,-A;2), 
where the functions K^f^'^^^ possess the properties 

^if^^U^' x\ q; -ki, -k2) = ± i^£;.^l(v, V, x\ g; -k2, -ki). 

The explicit form of these functions can be easily recovered by (B.l). The coefficient 
function in the integrand in the last term of (110.60 can be written, in view of (lll.ip . as 



^^^^'^•'''(v, V, x\ q; -k, k) = 5"'Cp KgUv, v, x\ q; -ki, -k^] 

where 



11.2 

fci=-fc2=A: 



^Sl(v,v,x|g;-A:i,-A;2) ^_ ^_=-T^^L{k,-k]q,-q)*Spp,{q)xp' (11-3) 



(5) 
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The function 7^-, in flll.Sp is defined by Eq. (1.5.23). We recall that this function and 
also ^ji"^^ enter into the matrix elements of the elastic scattering process of soft-quark 
excitation off soft-gluon excitation and the process of quark-antiquark annihilation into 
two soft-gluon excitations with different parity of state of final two - soft-gluon system. 
The symbols S and A belong to states of two gluons being in even and odd states cor- 
respondingly (in the c.m.s. of these gluons). The decomposition (111.11) suggests that the 
scattering process of soft-quark excitation off hard parton with the subsequent radiation of 
two soft-gluon excitations proceed through two physical independent channels determined 
by a parity of final two -(soft) gluon system. 

Furthermore, the coefficient function Kj^\^^l^^' in the former contribution on the right- 
hand side of (110. 6p according to definition (16.71) has the following structure: 

^Sf (X, X, X\ q, qu -qi) = Cp {- MS^,^^(-g, -g; g^, gO *5^;3'(g)X/3' (11-4) 
where 

y^^!L,p{-q. -q: qu gi) = TW)^(g -q,;q„ -q) *V,,{q - q,) *T^^^^; {q - q,; q,, -q). 

Here we note also that the function M^^"^ ^ ^ enters into the matrix element of the elastic 
scattering process of soft-quark excitation off soft- (anti) quark one (Section 6 in Paper I). 
The symbol S means that in nondiagonal contribution (110. 6p only 'symmetric' part of 
the function Maaia2a3 connected with even parity of final state of soft-quark quasiparticle 
system survives. For subsequent purposes we present the soft-quark propagator *S'/3^/(g) 
in the first terms on the right-hand side of Eqs. (I11.3P and (111.41) in an identical form 

*SpM = E ^')%(q, A')] *A+(g) + [vpiq, X')vpici, A')] *A_(g)}. (11.5) 



Now we substitute Eqs. (111.20 - (lll.4p into (110. 6p and take into account the equation 
written just above. We add polarization losses (110. Sp to the expression obtained. After 
some regrouping of the terms we obtain the following final expression: 

fdEm ^ (_dE^\ = A + A 
\ dx I ^ \ dx 1 ^ ^ 

\ / J- \ / nondiag 



60 



Here the function Ai is 



A, A'=± 



AA' 



(11.6) 



+ Re {[u{q, X')g{^r)u{cl, A)] S« (g; A, A') *A+(g)} 
+ Re {[^;(q, X')g{v)u{q, A)] Ejl(g; A, A') *A_(g)} 



Y: (m, X')g{v)viq, A)] 5^^'+Re{[^;(q, A')^(v)^;(q, A)]E« A, A')*A_(g)} 

A, A'=±^ 



+ Re {[u{q, X')g{^r)v{q, A)] EL'i(g; A, A') *A+(g)} 
where in turn we have 



6{v ■ q), 



E(!|(g;A,A') = 2/C^^ [dqJf4q,,x) 

\ L V 



Ai=±' 



Ma(q, A)Mai (qi, Ai) M„„ia2/3(-g, gOWaalqi, Ai)M/3(q, A') 

+ (t+(gi,x) ^ f^{qi,x), Wai(qi, Ai) ^ ^;ai(qi, Ai), Wa^lqi^ Ai) ^;a2(qi, A 
- q'Cf f dk {l\k, x) Y [^a(q> A)rjf ^'(^, -k- q, -q)up{ci, A') e«(k, e)e^'(k, 



A;2 



The function E^L is obtained from E\^:J_ by the replacement ^^(q, A') v^(q, A'), and 
the functions E^l , E^]_ are accordingly obtained by the replacements 

^a(q, A) Va{q, A), 'u^(q, A') v^iq, A') 

and Ma(q, A) Va(q, A). 

The function A2 is conveniently represented in the form of a sum of two parts: 

A2 = A2[T±] + A2[/*''], 

where 

E Jq'dqdqJlmCA^q)) (11.7) 



A2[t 



± 



2 — }— Cq C f 



V 



X 



t+(5i,x)Re(/3i 



2^^^,A.=±^ 
|XH(q, A)|=^|M(qi,Ai)x|^ 

(V • gi)2 
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, (XM(q, A))(n(qi, Ai)x) ... x\*-r(Q)uf \ r - \ \] r ^ ^ 
Kgi) r^'^^^(g-gi;gi,-g)M(qi,Ai)J V^^[q-qi)v 



+ T_(gi,x)Re A 



|XM(q,A)|^|f(qi,Ai)x|^ 
, (XM(q, A))(t;(qi, Ai)x) ... \\*UQ)ui \ (- \\^*^ ( \ 



and 



+ ( *A+(g) ^ *A_(g), «(q, A) ^ t;(q, A)) | ■ g) 
A2[/*''] = ^ |g%dfc{lm(*A+(g)) (11.8) 



5=1,2 



A=± • 

2 



[v ■ ky 



+ Re {(x«(q, A))(e(k, ■ v)[«(q, A) T(«)^(A;; g - k, -q) *S{q - k)x] e«(k, O} 

- Re { (x n(4 A)) (e^k, ■ v) [ ^(q, A) T(«)^(- fc; g + A;, -g) + (k^ 



(t;- A;) 

/ - fk^ - 

+ (/*(fc,x)^/'(A;,x),e*(k,0^^/p^^ 



+ (*A+(g) ^ *A_(g), u(q, A) ^ t;(q, A), u(q, A) t;(q, A)) | ■ g). 

First we discuss the function Ai. As it will be shown just below the functions 
S_|_+(g; A, A'), S+_(g; A, A') etc. in the integrand of Eq. (111.61) represent nothing but the 
linear in T± and /*'' corrections to various components of the soft-quark self-energy 5S(g) 
in the HTL approximation. These corrections take into account a change of dispersion 
properties of hot QCD plasma induced by the processes of nonlinear interaction of soft- 
quark and soft-gluon excitations among themselves (see Paper I). For low excited state of 
the plasma corresponding to level of thermal fluctuations, the corrections . . . 

are suppressed by more power of g in comparison with 5S(g). However, we can expect 
that in the limiting case of strong soft fields as far as possible these corrections (and 
also the corrections of higher powers in T± and /*■') is the same order in g as the soft- 
quark HTL-induced self-energy and therefore consideration of an influence of the nonlinear 
self-interaction of soft excitations on the energy losses of the energetic parton becomes 
necessary. 

We write out an effective inverse quark propagator *5'~^(g) that takes into account 
additional contributions considering the nonlinear effects of self-interaction of soft plasma 
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excitations 

*S~\q) = *^-i(g)-S«[T±, /*''](g)-S(2)[T±, J*''](g) - . . . , 

where S^^), S^^),.. . are linear, quadratic, and so on corrections in powers of the spectral 
densities T±, P'^. For low excited state when *S~^{q) ^ S^^^ ^ S*^^) ^ ... from this 
equation to the first order in T± and P'\ we obtain 

*~S{q) ^ *S{q) + *5(g)S«[t±, P'^]{q) *S{q) + . . . . 

Taking into account flll.Sp the last equation can be identically rewritten in the following 
form: 

%piq)^ Y: [6'''{up{ci,X)u^,{ci,X'))*A^{q) 

A, A'=± 

+ *A+(g)(n^(q, X)upiq, A')) [^(q, A)S«(g)n(q, A')] *A+(g) 
+ *A+(g)(n^(q, X)vpiq, A')) [n(q, A)S«(g)t;(q, A')] *A_(g) 
+ (*A+(g) ^ *A_(g), «(q. A) ^ viq, A), ^(q. A') ^ t;(q. A'), • • .)\ 

Hereinafter, we designate for brevity T.^^\q) = T,^^^[T±, We convolve this ex- 

pression with X/3X/3' and take the imaginary part 

sp(f?(v)*%)); 

= -^Im(*A+(g)) Y: {5^^'[n(q,A')^(v)«(q,A)] (11.9) 

^-^ A,A'=± 

+ Re ([^(q, A')f?(v)tz(q, A)] [^(q, A)S(^)(g)w(q, A')] *A+(g)) 
+ Re ([t;(q, A')f^(v)n(q, A)] [n(q, A)S(i)(g)i;(q, A')] *A_(g)) } 

+ Re ( *A+(g)) J] {im ([^(q, A')f?(v)«(q, A)] [^(q, A)S(i)(g)«(q, A')] *A+(g)) 

A,A'=± 

+ Im {[viq, A')f5(v)n(q, A)] [^(q, A)SW(g)t;(q, A')] *A_(g))} 

+ (*A±(g) ^ *A^(g), ^(q. A) ^ t;(q. A), ^(q. A') ^ i;(q. A'), • • •). 

Comparing (111.91) with (111.61) . we see that the contributions proportional to Im(*A-|-(g)) 
in equation f lll.9p exactly reproduces the integrand in (111.61) if we identify 

S« (g;A,A') ^ [n(q,A)S«(g)n(q,A')], S« (?;A,A') = [w(q, A)S«(g)i;(q, A')] , 

etc. Thus if in equation (111.91) there is no corrections proportional to Re ( *A-|-(g)), then the 
function Ai could be exclusively interpreted as the polarization losses taking into account 
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Im(x*^(g)x) = — Im 



to the first approximation a change of dispersion properties of the QCD medium induced 
by nonhnear interaction of soft-quark and soft-gluon excitations among themselves. It 
could be effectively presented as a replacement of the HTL-resummed quark propagator 
*S{q) in expression (110.31) by the effective one 



Unfortunately, the existence of the terms proportional to Re(*A-|-(g)) in (I11.9P doesn't 
allow us an opportunity to reduce everything to such a simple replacement. The physical 
meaning of this circumstance is not clear. 

Let us discuss the contribution A2 defined by a sum of Eqs. (111.71) and (111.81) . Impor- 
tance and necessity of accounting this contribution will be completely brought to light 
from its comparison with 'diagonal' contribution (110.51) . Taking into account the explicit 
form of the coefficient functions K^\{Xj'X.\Qi ~Qi) ^^(^ K^^^{'^,x\k,—q), we write out 
Eq. (110.51) once more opening the modulus squared \uK^'^\\'^, \uK^^^^e^\'^ etc. By anal- 
ogy with Eqs. (111.71) . (111.81) the 'diagonal' contribution can be also presented as a sum of 
two parts: 




where 




(11.10) 




-2a 



{xujq, A))(M(qi, Ai)x) 
{v ■ qi) 



[^i(q, A) T(«)^(g - gi; gi, -g)n(qi, Ai)] *P^,(g - qi)v^ 



y 



+ I [M(q, A) T(«)'^(g - gi; gi, -g)n(qi, Ai)] *V,M " ^i)^''! ') 



+ (T+(gi,x) ^T_(gi,a;), M(qi,Ai) ^t;(qi,Ai), M(qi, Ai) ^ t;(qi, Ai)) 



and 



+ (*A+(g)^ *A_(g), ^(q, A) ^ t;(q, A), ^(q, A) ^ T;(q, A)) } (5(t; ■ (g - gO) 

= ^ CeCp[^^^Y. Jq'dqdk[lmCA+iq)) (11.11) 
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+ 



- 2 ^-i^ Re {(xu(q, A))(e(k, • v) [S(q, A) T(«)^(fc; q - A:, -q) *S{q - e«(k, O} 
[^(q, A) T(Q)^(A;; g - k, -q) *S{q - k)x] e«(k, 

+ (*A+(g)^ *A_(g), n(q, A) ^ t;(q, A), n(q, A) t;(q, A)) [ ■ (fc - g)). 



The integrands of Eqs. f lll.lOl) . f lll.lip contain the factors 

1111 



{v ■ qiY ' (f ■ qi) ' {v ■ ky ' {v ■ k) 



(11.12) 



If we define the functions $i[T±] and $2 [/*''] on mass-shell of soft plasma excitations, 
i.e., we set 

Im*A±(g) ^ T vrZ±(q) 5{q' - cu^) ± 7rZ^(q) + cu^), 

Im*A*''(A;) ~ -n sign{k^)(^^^^] [6{k' - u'^') + 6{k^ + J^')], 

\ 2^k / 

and choose the spectral densities in a form of the quasiparticle approximation, Eqs. (18. lip 
and (I8.19p . then factors (I11.12p will not be singular. This takes place due to the fact 
that the linear Landau damping process is absent in the QGP. However, for off mass- 
shell excitations of the medium when a frequency and momentum of plasma excitations 
approach to the "Cherenkov cone" 

{v ■ qi) ^0, {vk)^ 0, 

these factors become singular that results in divergence of the integrals on the right-hand 
sides of Eqs. (fTTTOD . (fTLTTD . 

There exist precisely the same singularities in the integrands of the 'nondiagonal' con- 
tributions (111.70 and (111.80 . In order that the expression for energy loss had a finite 
value it is necessary that these singularities should exactly compensated with those in 
Eqs. (Ill.lOp . (111. lip . From a comparison between (111. lip and (I11.8P we see that singu- 
larities l/(f ■ A;)^, l/{v ■ k) are exactly compensated in the limit {v ■ k) —>■ 0. We will 
require that a similar reduction should take place for expressions (Ill.lOp and (lll.7p . This 
requirement results in the following conditions of cancellation of the singularities 



a^CfTp = 2CeCFRef3i 



;ii.i3) 



01 C2'^Tf — CqCf- 
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Hence in particular it immediately follows that 

Re Pi = — - a, a 7^ 0. 

The last relation suggests that introduction of additional sources and currents (15.141) . 
fl5.19p . and so on is necessary ingredient of the theory for its self-consistency. Let us 
analyze the second relation in fill. 131) . It is natural to require that the constant a, 
which enters as a multiplier into the first term of the coefficient function (15.151) would 
independent of a type of the energetic parton just as the second term. In view of this 
circumstance it is easy to see that there exist the only reasonable choice of pairs of the 
constants 02^^ and Cg for which the second relation in (I11.13P will be fulfilled identically: 
for the values ( = Q, Q it is necessary to take Cg = — Cp and for ^ = G it should be set 
Co = -UfTp, i.e., 

tt CpTp = — C*^, 
aC^Tp = —UfTpCp. 

The requirement for independence of the constant a of a type of the energetic parton 
results in the relation 

nfTp = CA{=N,), (11.14) 

then 

a = — Cp/Tp. 

The relation (111.141) is fulfilled for nj = 6, Tp = 1/2 and A''^ = 3. Unfortunately, in spite 
of the fact that relation (I11.14p seems quite reasonable from the physical point of view, 
it is true for extremely high temperatures when one can neglect by mass of the heaviest t 
quark. Only under these conditions the complete sum of all ('diagonal' and 'nondiagonal') 
contributions to energy losses of the energetic parton will have a finite value for scattering 
on off-shell soft plasma excitations. 



12 'Nondiagonal' contribution to energy losses (con- 
tinuation) 

Now we proceed to discussion of expression (110.11) . Let us take the effective currents j^"^ 
and jjf"'^ on the right-hand side of the first equation in (18.21) in approximation of the 
second order in powers of the soft free fields 

Jr(v,xl k) ^ 5"^ti(fc) + if "''(V^(°\V^(°))(A;), j§l{k) ^ j£y,v,6{v ■ k), (12.1) 
j^-^ (v, x\ k) ^ (V^(°) ){k)+ if ( A W , ) ( fc) , 
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where the current jj^^""^ {ip^^^ ,^^^^) is defined by Eqs. f l6.ip , (16.21) and the currents j^^-'"-' {^^^^ ) , 
(^(0)^^(0)) are defined by Eqs. ^7^), dESD and O, respectively. By the fol- 

lowing step we consider the coefficient function K^^}^^' '^^ that enters into the definition of 
the effective current tp^^^). By analogy with flll.ip we present it in the following 

form of a color decomposition: 



{G)ab,ij 



V, X, X\ k; qi, -q2) = - {t", t''}'^ KjfL^-v, x, x\ qi, -q2 



:i2.2) 



Here 'symmetric' part equals 



Xa X(3 



-M 



+ 2a- 



v ■ qi){v ■ ga) 



+ a ■ 



+ -[t'',t'V'Kl;^U^r,x,x\k■,q^,-q2). 

k + q,-q,- -q,, q,) *V^^' {k + q,- q,)v,, (12.3) 

1 



— a 



[v ■ qi) 
1 

[v ■ q2) 



Xa 



X(3 



X^*S^^'{k - q2) *T\l^,p{k] -gs, -k + 

*rL%(^; qi, -k - gi) (A; + gi)x7 



The explicit form of the 'antisymmetric' part K^f'^f^ is not needed for our subsequent 
consideration and therefore we do not give it here. The function A^^'^^q,^ (and also A^^"^^^^/?) 
was introduced in Paper I (the expressions following after Eq. (1.7.15)). We recall that 
these functions enter into the matrix elements of two processes: the elastic scattering 
process of soft-gluon excitation off soft-quark excitation and the process of pair production 
by fusion of two soft-gluon excitations. 

Further, we substitute effective currents (112. ip into (110. ip taking into account Eqs. (112. 2p . 
(112. 3p . We present again the expression obtained as a sum of two parts different in struc- 
ture: 



dx ) ^ 



(-^) ^ (- 



dx ) 



nondiag 



The 'diagonal' part is defined by the following expression: 



dE^ 
dx J 



(2vr) 



diag 



E Jk'dkdql^lm{*A\k)) (12.4) 



E ( [ I ir(^)^(v, x\ k, -g)«(q, X)e\k, 1 ' t+(g, 



5=1,2 



XI 



+ I ir(^)^(v, x\ k, -qHq, \)e\k, 01 ' T^g, x)] 5iv ■ {k - g)) 



+ 



;q,A)ir(^)^(v,x|A;,g)e^(k,e)|'t+(g, 



X] 
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+ I viq, X)K^^^\v, x\ K g)e^(k, 1 ' T_(g, x)] 5{v ■ {k + q)) 



We add the expression for the polarization losses connected with the initial color current 
of hard parton j251"(A;) = Qajqlik) 



dx J J, 



(^) / *V,^{k)y^>ik)) (12.5) 



^cP[^-^yk'dkl.lmCA\k)) Y: (e*(k,0-v)(e(k,r)-v)5««' 



+ ^^jIm(*A'(fc))(vk)^|5(t;.fc) 

to the 'nondiagonal' contribution (— (ii?*^^''/'^^)nondiag- On the rightmost side of (112.51) we 
have taken into account that in the temporal gauge the following replacement holds: 



'V,,ik) ^ *A\k) Y: e«(k,Oe"(k,0 + *A\k)(-^)k'kr 

5=1,2 ^'^^O-^ 



(12.6) 



As in previous section we present expression for a sum of (112. 5p and 'nondiagonal' con- 
tribution in the form of a sum of two terms: 



dx J jf 



(_dE^\ 
\ dx J 



Ai + A2- 



nondiae 



Here the function Ai is 



Ai 



as 
V27r2 



Im(*A*(fc)) Y: (e*(k,0-v)(e(k,0-v)5««' 

\ =1,2 



+ Re 



(e*(k, ■ v)(e(k, a ■ v)n«(A;; ^, O *A\k) 



(12.7) 



+ \It^ E Re (e*(k,0-v)(k.v)n^/^(fc;0*A'(A:) 

''^O 5=1,2 



k\ nl^)-n«, ^«^4^)) U(^;.fc), 



7,2 ' tt II ' 

Kg 



+ {*A\k)^ *A\k), e\k,0^ 
where in turn 

ng) (k; e, O = ^?{^ e*^(k, 0^(q, X)M^^^''{-k, k; -q, q)u{q, A)e^'(k, ^ 



A=±' 
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+ T_(g, x)[e«(k, A)A^('5)^^'(-^, k; -g, g)t;(q, A)e^'(k, O] }, 



+ t_(g,x) 



e«(k,Ow(q,A)A< 



(S)ii'/ 



{S)ii'i 



-k,k; -q,q)u{q, \)k' 



-k,k; -g,g)f(q, A)F 



and so on. The functions Ilit\ n[[^ represent linear in the soft-quark spectral densities 
T± corrections to various components of the soft-gluon self-energy 5n^j,(A;) in the HTL 
approximation. These corrections take into account a change of dispersion properties of 
medium induced by the processes of nonlinear interaction of soft-gluon and soft-quark 
excitations among themselves. It is possible to make sure in this if we define an effective 
gluon propagator *V^y{k) that takes into account additional contributions considering 
nonlinear effects of the self-interaction of soft excitations 

*p,-J(fc)-{n«[t±](A:) + n«[/*''^^ . 

For low excited state when *V^^{k) ^ II^^J ^ II^^J ^ . . . from equation above to the 
first order in T-t and /*'', we obtain 

*V,M^ *V,,{k) + *P^^,(A;){n«^'^'[T±](A;) + n«^''^'[/*''](A:)}*P,v(fc^ 

The term with H^^)'''^' (A;) was considered in the paper [0]. It connected with self- 
interaction of soft-gluon excitations. Convolving this expression with v^v^ , considering 
(112. 6p and taking the imaginary part, we obtain an expression similar in the form to 
Eq. (111.91) . The terms proportional to Im(*A*''(/c)) exactly reproduce the integrand in 
^rn\ if we identify 

Yi^^{k-i,0 ^ e«(k,0n«^^'[T±](fc)e^'(k,O, 
V '^0 

etc. If the contributions proportional to Re(*A*''(/i;)) are absent, then function (112. 7p 
can be exceptionally interpreted as the polarization losses taking into account to the first 
approximation a change of the dispersion properties of the QCD medium induced by self- 
interaction of soft excitations. This could be effectively presented as a replacement of 
the HTL-resummed soft-gluon propagator *T>n,y{k) in the first line of Eq. (112.51) by the 
effective one 

*V^,{k) ^ *V^,{k). 

Unfortunately, the existence of the terms proportional to Re( *A*''(A;)) gives no way of 
reducing everything to such a simple replacement. 
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Furthermore, the function A2 is 



Im(*A*(A;)) 



:i2.8) 



X 



5=1,2 



(e(k,0-v)|^Kq,A)x| 
(f ■ qY 



+ a 



1 



— a 



v-q) 
1 



Re 
Re 



(e*(k, • v) {u{q, X)x) {x *S{k - q) T(^)^(A;; -g, -k + g)«(q, A)eXk, ^ 
e(k, ■ v) (x w(q, A)) (w(q, A) *T^^^\k- g, -fc - g) *S{k + g)x e«(k, 
+ a;) ^ T„(g,x), M(q, A) t;(q, A), M(q, A) ^ i)(q, A) 



A;). 



By virtue of the definition of the coefficient functions K^^% K^^'^ (Eqs. (15. 4p . (15. 5p ^ 
the integrand of 'diagonal' contribution (112.41) has singularities of a type 



(v-qy (v-q) 

for off-shell excitations of medium when frequency and momentum approach to the 
"Cherenkov cone" 

(v-q) ^ 0. 

We require that these singularities in accuracy should be compensated by similar ones in 
the integrand of Eq. (112.81) . This results in the following conditions of cancellation of the 
singularities 

(12.9) 



2CPr^Rea = CgCF, 



Hence it follows 



Re cr = - a . 



The second condition in (112.91) exactly coincides with the second one in (111.131) and thus 
here, with the help of the same reasoning we obtain the relation (I11.14p and value for 
the constant a: a = —Cf/Tf- The conditions of cancellation of singularities obtained in 
present and previous sections do not contradict each other. We can expect that similar 
cancellation takes place for all contributions to energy losses (110. ip . (110.21) of higher orders 
in powers of the soft free fields. This in particular leads to (partial) fixing undetermined 
constants of the additional currents and sources introduced in Section 5. 
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13 Conclusion 



In this paper within the framework of the semiclassical approximation we have presented 
successive scheme of construction of the effective theory for the processes of interaction 
of soft and hard quark-gluon plasma excitations for both the Fermi and Bose statistics. 
In the third part [12], we completed an analysis of dynamics of soft fermion excitations 
taking into account also radiative processes. Unfortunately, in view of great amount of 
this work we did not give the concrete analysis of the expressions obtained for energy 
losses, as it has been made in our early papers [6], [9]. This is expected to be made in 
separate publication. 

As has been shown during all this work, introduction into consideration of the Grass- 
mann color charges for hard particle and color sources with them associated turns out to 
be rather powerful method in the analysis of dynamics of the soft (anti) quark modes. This 
allows obtaining almost completely self-consistent and self-sufficient calculation scheme 
of the effective color currents and sources and the matrix elements for the scattering pro- 
cesses we are interested in. Note that the effective currents and sources derived within 
the framework of this calculation scheme possess striking symmetry with respect to free 
soft-gluon and soft-quark fields, the usual and Grassmann charges. This circumstance 
suggests that there should be (super?)transformations touching by nontrivial way both 
boson and fermion degrees of freedom of hard and soft excitations of system under consid- 
eration transforming effective currents and sources into each othei0. In view of observable 
high symmetry with respect to fermion and boson degrees of freedom it is possible to 
raise the question about a possibility of supersymmetric generalization of the approach 
suggested in this work. Supersymmetric formulation of the effective theory would allow 
to look from the more general point of view on the dynamics of interaction processes 
in QGP and possibly to predict existence of qualitatively new phenomena. Partly, a 
tool necessary for such generalization was considered in literature. So, for example, the 
problem of supersymmetrization of classical point particle with spin and isospin has been 
investigated in detail both within the framework of the local supersymmetric formulation 
and in the super-space one (see, e.g., Ref. ^18j and references therein). Unfortunately, at 
present there is no a supersymmetric generalization of the most important ingredient of 
the effective theory, namely, the concept of the hard thermal loops. This in itself can be 
a subject for separate research. 

^It is curious to note that the relation of (|11.14p type (without the multipher Tp) was mentioned for 
the first time in the paper [17j in the context of analysis of various symmetry relations among quark and 
gluon decay probabilities. 
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Appendix A 



The dynamics of the classical color particle in the external gauge and quark fields (when 
we neglect by the change in trajectory and spin state of particle) can be described by the 
following action 

t 

S = Jc{t)dt, C{t) = Ci{t) + Cii{t), 

to 

where 

Cj{t) = ^^9t^^. _ gy^^A';^^^\tT^^ - + (CXa)^^} (A.l) 

and 

Cnit) = -g [i}^\tT^] {a {^p'^x.W)''^' + ' {ty^Xa^'j} (A.2) 

In Eq. (A.2) a and /S are (complex) parameter^. The action S is real and it is invariant 
under gauge transformation 

A^^e SA^^eS-^ - {i/g)Sd^S-\ tPa StPa, ^ S^. (A.3) 

The soft stochastic gauge and quark fields in the Lagrangian £ are determined on the 
linear trajectory 

^«^A;(t,vt), ^^^^^(t,vt), ^^^V'L(t,vt) 

and the function f2* = Q^{t) is defined by equation fl5.13l) . Here t is the coordinate time. 
The action with Lagrangian (A.l) results in equations of motion (15. 8p and Lagrangian 
(A.2) defines additional interaction terms in these equations. Lagrangian (A.2) (at least 
the first term) describes current- current interaction in a system, where the first current 
represents color that of hard component of system, and the second current represents 
color that of soft component. In view of (A.2) the following terms should be added to the 
left-hand side of the first equation in (15.81) 

ig {eyH^ {a {^p',Xa){tT^' + a* ' {ty' {xa^p'.)} (A.4) 

+ zg {/3 {eym^ [ i^'^xaWfw] + {tT ixaK) [ n^'in'w] } . 

The equation of motion (15. Sp with additional terms (A.4) has the following general 
solution 

t 

^\t)=W^{t,to)ei-^gJu'\t,T){xe.^i{T,^rT))dT, (A.5) 

to 

^"We introduce the hat above to distinguish the parameters from those in the additional sources in 
Section 5. 
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where we have introduced extended evolution operator 



f * 

W(t,r) = Texpi -ig J t;^A;^(r', vr')rdr' 

^ T 



(A.6) 



-w 



dr' 



Here ® is a sign of the direct production. The evolution operator (A.6) takes into account 
the effect of rotation of color charge in color space induced by both soft gauge and soft 
quark stochastic fields. The influence of soft quark field on the rotation should be already 
taken into account in the scattering processes of a third order in the coupling constant. 
Under gauge transformation (A. 3) this evolution operator transforms by covariant fashion 

U{t,T) S{t)U{t,T)S-\T). 

Instead of identity flS.lOp now we have 

U{T,t)eU{t,T) =U''\t,T)t\ 
where the extended evolution operator in the adjoint representation U{t,T) is 



(A.7) 



U{t,r) = Texp{ -ig I v>'Al{T\wT')T''dT' 



T'^dr' 



T^dr' 



The relation (A.7) is easily proved with the Fierz identity for the matrices 



N, 



We add the action for the soft gluon and quark fields to the action determining dynamics 
of hard test particle 

-iy'd^a;F;,(x)F'^'^'^(x) + i j d^xij{x)-i^D^'{x)iP{x) + ... , 
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where D^{x) = d/dx^ + igA'^^{x)t'^ . Hereafter the dots mean contributions caused by 
HTL effects. The equation of motion for soft quark field if) now has the following form 

Let us substitute solution (15. 9p (here we neglect temporarily by contribution of ■^/'-fields 
to the evolution operator U{t, to)) into the second and third terms on the right-hand side 
of the last equation. If we require fulfilment of condition 

a + (3 = 0, (A.8) 

then these terms result in the fornj"] 

+ (A.9) 

The first, second and last terms here reproduce entered by hands additional sources (15.141) . 
(I5.19P and (15.181) correspondingly. The next to last term represents new additional rather 
remarkable source. Its existence suggests necessity of introduction of one more color 
structure for description of color charge in the semiclassical approximation, namely. 

When such a combination in final expressions occurs, it is necessary to identify it as in- 
dependent function, by analogy to the structure Q"(t) = O'^ (t°-y^ 9^ (t) . In particular, to 
lowest order in the coupling constant the third term in (A.9) defines the eikonal contri- 
bution to the effective source 



[2tx)-^ [v ■ qi) 



The equation of motion for the soft gluon field A^(a;) have former form 

[D^^ix),F,Ux)]=gv4i}^\t)itT^^it)]e6i^~vt) + (A.IO) 

where as the Grassmann charge 'i9*(t) it is necessary to mean solution (A. 5). The contri- 
bution of additional interaction terms (A. 2) here 'is hid' in extended evolution operator 
(A. 6). Some new current structures do not appear. Unfortunately, generalized action 
suggested in this Appendix not enables one to generate additional current (15.211) contain- 
ing anticommutator The current on the right-hand side of (A.IO) enables us to 
determine the same expression (15.211) . but with commutator only. 



"^The condition (A.8) enables one to cancel out the terms not containing color charges at all. 
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Appendix B 



Here we give complete expression for the coefficient function Kj^j^'^^^^''^^ (y, v, x\ Q', —ki, —k2) 
defining the scattering process of soft-quark excitation off hard parton followed by emis- 
sion of two soft-gluon excitations 

+ r ,t"^]*^K(?!,(v,x| k, + k,, -q) *V^'>^{k, + k^yT,^,^,{k, + k^, -k,, -k,) 

- if^'t^T Q - ku -q) *S^piq - k,)K^^]^,{y, x\ ^2, -q + k,) (B.l) 

- (t^'t^T *^f,lpik2; q - k2, -g) *Spf,>iq - fc2)i^J?,V(^' X\ ki, -q + k,) 

[V ■ q){v ■ k2) [v ■ q)[v ■ ki) 

The partial coefficient functions Kj^^^{v, x\ ki+k2, —q) and so on are defined by expression 
(14.61) . The graphic interpretation of various terms on the right-hand side of Eq. (B.l) is 
presented in Fig. [131 The dots means graphs of the scattering processes with participation 
of hard thermal antiquark. 



Appendix C 

In this Appendix we consider in more detail a structure of the terms in Eq. (17.11) containing 
the singularity 5{v ■ q')/{v ■ q'). In the fist stage of our analysis it is more convenient to 
use the HTL-resummed quark propagator in the representation suggested by Weldon 



where ^ = ^^^7^, m is a global four-velocity of plasma, a, h are Lorentz-invariant functions, 
and D = {1 + a^q^ + 2(1 + a)h{q ■ u) + 6^. Let us define a polarization matrix of hard 
parton (quark or antiquark) g = (ga/s) such that in pure state it is reduced to a product 

Qaf3 = XaXiS- 

We consider a case of fully unpolarized state. By virtue of the fact that this matrix can 
depend only on the energy E and the velocity v of hard test particle, we can write out 
at once its explicit form 

Q = QiE,v) = ^giv), (C.2) 



76 




Figure 13: The scattering processes of soft-quark elementary excitation off the hard test particle 
followed by emission of two soft-gluon excitations. 
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where 



1 



The multipher 1/2E is chosen for reasons of dimension. In this case only both terms in 
amphtude fl5.15l) have the same dimension. Thus in view of the structure of soft-quark 
propagator (C.l) and polarization matrix (C.2) the following replacement is correct: 



2E 



Sp g{v)*S{q'] 



1 
2E 



2(1 + a), ,,26, 



Furthermore, by using the property *S{—q') = — 7° *5'^(g') 7° the first two terms in 
integrand of (17. ip can be resulted in the following form: 



-jdq'Re 



(1 + a) 



D 



S{v-q') + - dq 



E 



,6{v-q'\ 



[v-q') 



Re 



h 
D 



(C.3) 



The expression obtained in particular shows that a contribution of the term proportional 
to ^ in soft-quark propagator (C.l) (containing zero-temperature part) has no a singu- 
larity. Now we are coming from the functions a and b to the scalar propagators *A±{q') 
according to formulae 



1 + a 
D 



Taking into account the property of the quark scalar propagators *A_(g') = — (^*A+(— g' 
we result (C.3) in final form 



2 
E 



1 



dq'6{vq')—Re *A+{q' 



q 



+ 



E 



dq 



, Kvq') 

(f ■ q') 



,/0 



|q' 



Re 



The close analysis of initial presuppositions shows that the assumption of straightness 
of a hard parton trajectory is origin of the singularity 5{v ■ q')/{v ■ q'). So the function 
5{v ■ q') arises under the Fourier transformation of the function 5(x — vt) entering into 
the initial source of hard particle f]oa{x) and the factor l/(f ■ q') appears in calculation 
of the integral 

t t 

(C.4) 



to 



(x«V^^(r,vr)) dr = j dq' j e-'^^''^' (xa^l^{q' )) dr 

to 

idq' rg-^(..,')t_g-.M')to](^^^^^(^/))_ 



{v-q') 

Here the soft-quark field ip^ix) is defined on the linear trajectory x = \t. Thus for 
regularization of the singularity it is necessary to take into account a change of hard parton 
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trajectorjo in 'collisions' of hard parton with soft fluctuation field of system (although 
this is beyond the frameworks of the HTL approximation accepted in this work). If we 
present a weakly perturbative trajectory in the form x(t) = vt + Ax(t), |Ax(t)| ^ |v| t, 
then instead of (C.4), e.g., we have 

t 

fdq'{xa^a{q')) J rfre-^(^-'?')" + *'i'-^''("). 

to 

The integral in dr here should be exactly calculated, since expansion in a series with 
respect to Ax(r) generates immediately the singularity. An explicit form of the function 
Ax(t) was obtained in Appendix of Ref. [T3] in the linear approximation in the soft-gluon 
field A^'^\ This function is suppressed by the factor 1/E, where E is energy of hard parton 
with respect to a change of its color charge AQ°'{t) obtained in the same approximation. 

In the remainder of this Appendix we consider a singular contribution connected with 
the soft-gluon loop (the second term in Eq. (17.31) ). We use an explicit expression for gluon 
propagator (in covariant gauge) 

*V,,{k) = -P,,{k) *A\k) - Q,,{k) *A\k) + iD,,{k)A\k), (C.5) 

where Lorentz matrices are defined by 

P,Ak)=g,u-D,,{k)-Q,^{k), Q^^(A;) = !^^i^^, D,^ik) = ^, (C.6) 

A%k) = l/k^, Uf, = k\^-kf,{k-u), 

and ^ is a gauge fixing parameter. With the help of (C.5), (C.6) the second term in 
Eq. (17. 3p can be presented in the following form: 

J,k'Hv ■ k') [•A'(r ) - ■A'(r )]^ {2*'» - ^) - •A'(r ). 

This expression also contains both finite and singular contributions. The last term van- 
ishes in the case of massless hard particle (f^ = 0). In opposite case for heavy particle 
with the mass M this term is proportional to M"^ /E'^. The term with the gauge param- 
eter exactly equals zero. The factor 5{v ■ k')/(v ■ k') arises from expression similar to 
(C.4), where instead of the function (^^^'^/'^(r, vr)^ it is necessary to mean the function 

(^f''A^(r, vr)^, i.e., the soft-gluon field defined on the parton linear trajectory. 

-'^^In the general case along with a change of the trajectory it is necessary to take into account a change of 
a polarization state of hard particle defined by the spinor x- The equation describing a change of x = x{t) 
in semiclassical approximation may be in principle obtained from the following reasonings. Let us define 
the spin 4-vector S^' (or the spin tensor S^"') setting S'^(i) = x(i)757^x(i) {S''''{t) = xit)^^" x{t)) ■ By 
using known the semiclassical equation for spin motion in external field, one can attempt to restore the 
equation of motion for the spinor x{t)- This is in a certain sense similar to restoring equation of motion 
for the Grassmann charge 9{t) entering into the definition of usual charge Q°(i) = O"^ {t)t°'9{t) when we 
know the equation of motion for the charge Q'^{t) (Eq. p.2p ). 



79 



Appendix D 



The third order derivative of relation (13.141) with respect to the Grassmann charges 9q, 6q 
and free soft-gluon field A^^^^ has the following form: 



(D.l) 



(27r)^ 



l[{rSi-q')ST^^Jr'''if'^ -^i; -k + h- q')S{k -h + q')x 



r>t"?^' *r,,^Ak, -k+h, -h) *v--'{k~h] 



\v ■ q') 



{rsw)xy{rs{-q')x 



+ 



^*S{k -k,-q') *rf\k - k,- ~k + k, + q', -q')*S{q')x 
+ {et^T[Kf\^r, x\ k, -k-q'yS{k+q')Kf^\w, x\ ki, -k-q') 
-{t^H^f[K^-i\^,x\-kuk-q'yS{k-q')Kf\w,x^ 

The graphic interpretation of various terms in this expression is presented in Fig.[TH 



Appendix E 



In this Appendix we give an explicit form of third order derivative of relation fl3.15p with 
respect to the color charges Qq, Qq and free soft-quark field ij)'^^'^: 



1 



(E.l) 



CyXaXa, 7 TT T {v ^^V'^''' (k' )v 

{v-q){v-qi) 



- t; ST^^dUk', q-qi-k';qu -q) *V^^\k')v,. - q^ - k')v,, 



5{vk')dk' 



+ 



X\ q, -q+q') *Spp'{q-q')K';f>^{x, x\ q-q' , -qi) Kv " q')dq' \ S{viq-q,)). 



The diagrammatic interpretation of different terms on the right-hand side is presented in 
Fig.[T5l The vertex function ST^^'^^_^ is the 'symmetric' part of the HTL-induced vertex 
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Figure 14: The soft-quark loop corrections to the elastic scattering of soft gluon elementary 
excitation off the hard test parton drawn on Figs|T]and[l]in Ref. [B]. 



between quark pair and two gluons 5r^*^)j^^"^ It is defined by Eq. (1.5.19). To the diagram 
in parentheses in Fig. [15] there corresponds a term 

*r!?L.(9-gi;?i,-9) "-D^^'iq-qi) J*T,,,,y{q-qu-k',-q + q^ + k')*V''\q-q,-k')v, 

X *V'''''{k')v^5{v ■ k')dk'5{v ■ {q - gi)). 

By virtue of a property of three-gluon HTL-vertex: *V^^^^^{k, ki, /C2) = — *r^^2^i {k, k2, ki), 
the integrand is odd function under the replacement of integration variable k' — > q — qi — k' 
and therefore in integrating it is equal to zero. 



Appendix F 

In Section 9, considering a structure of the scattering probability w^J^^ we have faced with 
contra^fous of the HTL-resummed vertefl between quark pair and gluon *T^{k]l,—q) 

^^Iti high-temperature QCD, under conditions when we can neglect by mass of medium constituents, 
there is no (linear) Landau damping of on-shell soft excitations Fermi and Bose statistics. Consequence 
of this fact is equality of the HTL-resummed two-quark -one-gluon vertices *t''^^ = *r|i*^^ = *r^, as it 
is supposed in this Appendix. 
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Figure 15: The soft-quark loop corrections to the elastic scattering processes of soft quark 
elementary excitation off the hard test particle (Figs. [T] and [3]). These diagrams are additional 
to ones depicted in Fig.fTOl 
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(= *r*) with soft momentum /c* of plasmon mode and the polarization vectors e*(k, ^) of 
transverse soft-gluon mode. In this Appendix we give various forms of representations of 
the vertex function *r*, which have been actively used in Section 9. 

From analysis of the explicit expression for the vertex *r* derived by Frenkel and 
Taylor (Eq. (3.38) in Ref. [16]), it is easy to see that this function can be presented in the 
form of the expansion 

= 7°5ro^ + (1 ■ 7) *q + ((n x l) ■ 7) T_[ + (n ■ 7) (F.l) 
where l = q— k, n = qxk and the 'scalar' coefficient functions are defined as 

5r^ = ujl -— -, 

J 47r [v ■ I + ie)[v ■ q) 



*r = L + sr-^' ^oVd^v ^^v-i) 



P !l P py 47r {vl + ie){vq) 
^ (n X 1)- ^ _ (n X 1)'^ ujI fdn, (v ■ (n x 1)) 



n^F n^P P7 Att {v ■ I + ie){v ■ q) ' 

'^~n^ n^J Att {v I + ie){v q) ' 

The matrix basis in expansion (F.l) is convenient by virtue of its 'orthogonality' in com- 
puting traces. The 'transverse' vertex functions possess obvious properties: 

r Tl = n' Ti_ = 0, 

F = q' %i = 0. (F.2) 

However, in concrete applications it is considerably more convenient to use another rep- 
resentation of the decomposition (F.l) [2] 

= - /i_(i) T; - /i+(i) Ti + 2/i_(q) P|q| Ti + (n ■ 7) T^l, (F.3) 

where the 'scalar' vertex functions *r_^ are connected with the previous ones by relations 

n2 1 



= - 5r^ T |1| + — . Tl . (F.4) 

|q| 1 =F q • 1 

The expansion (F.3) with the matrix /i_(q) in the last but one term is specially adapted 
to studying of plasmino branch of fermion excitations. In the case of a branch describing 
normal-particle excitations, instead of (F.3), (F.4) it is necessary to use the following 
decomposition: 

*r = - /i_(i) - h+(\) Tl - 2/i+(q) l^lql Tl + (n ■ 7) (F.5) 
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where the 'scalar' vertex functions are defined as 



(5^0^^ |1|T|/ - 



n 



1 



|q| 1 ±q - 1 



(F.6) 



In the paper [2j the system of kinetic equations describing a change of the plasmino 
and plasmon number densities generated by induced scattering of plasmino (plasmon) off 
the hard test particle with transition in plasmon (plasmino) has been also obtained: 



dt 



g'Cpn^ldkQ{q,k)Nl. 



^^^+<-^ = 9'njT,Nl J dq Q(q, k) 



(F.7) 



(F.8) 



Here in the latter equation the factor Uf accounts all kinematically accessible quark fiavors. 
The scattering kernel Q(q, k) has the following structure: 



Q(q,k)=a;2| 



'Zz(k)\ /Z_(q)\ 



2iut 



da 



TT 



{p+(v;q,i)w+(q, k) +p_(v;q, \)w^ (q,k)} 



x27r5(^ -c.;[- V- (q-k)), 



where the coefficient functions p± are 

P±(v; q, i) = 1 + V ■ q T (q ■ i + V ■ i ) , 

the 'scalar' scattering probabilities are defined by expressions 

V ■ k 



(q, k) 



V ■ q 



*A±(/)T±(A;;/-g) 



on— shell 



(F.9) 



(F.IO) 



(F.ll) 



and uJq = g'^CpT'^/S is the plasma frequency of the quark sector of plasma excitations. 
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